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(57) Abstract 



§he winter rye, upon cold-induction or aclimation, produces a family of antifreeze proteins that are similar to pathogen-related 
proteins. Two of these proteins, both of which are chitinase-like proteins, are cloned using molecular biology techniques and are expressed 
in bacterial and yeast (Pichia) systems and Arabidopsis thaliana. The recombinant proteins showed bodi chitinase and anti&eeze activities. 
The invention includes the DNA and protein sequences of the chitinase-like antifii^ze proteins, any modifications of the said sequences, 
the expression of these proteins and theu* appplication in agriculture, food industry and medicine. 
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ANTIFREEZE PROTEINS, DNA AND EXPRESSION SYSTEMS 

U.K. provisional application 9112774.6 (filed June 13, 1991), U.S. Patent 
Application Nos. 08/060,425 (filed May 11, 1993), 08/419,061 (filed April 10, 1995). and 
08/485,647 (filed June 7, 1995), Canadian Patent Application No. 2,110,510 (filed June 
5 12, 1992), European Patent Application No. 92911435.3 (filed June 12, 1992), POT 
application No. PCT/CA92/00255 (filed June 12, 1992) and U.S. application no. 
08/903,872 are incorporated by reference herein In their entirety. This application claims 
priiority from U.S. application no. 08/903,872. 



10 FIELD OF THE INVENTION 

The invention relates to plant antifreeze proteins, peptides and polypeptides (also 
refen-ed to as "AFPs") that bind to ice crystals and inhibit their growth, inhibit ice 
recrystallization and protect liposomes, cell membranes and proteins, cells and 
organisms at low temperatures. 

15 The Invention also relates to DNA sequences that encode proteins with both 

chitinase and antifreeze activities and the expression of these DNA sequences in 
bacteria, yeast, plants and animals for the production of chitinases with antifireeze 
activity. 



20 BACKGROUND OF THE INVENTION 

Low temperature Is a major environmental limitation to the production of 
agricultural crops. For example, late spring frosts delay seed gennination, early fail frosts 
decrease the quality and yield of harvests and low winter temperatures decrease the 
survival of ovenwintering crops, such as winter cereals and fnjit trees. However, some 
25 plants have the ability to withstand prolonged subfreezing temperatures. With the 

identification and isolation of proteins involved in the development of freezing tolerance in 
these plants, as well as the con-esponding genes, freezing-sensitive crop plants can be 
transfomned into freezing-tolerant crop plants and extend the range of crop production. 

Guy et al. (1-5.1) analyzed the total protein content of cold-acclimated spinach 
30 tissues compared with tissues from wamo-grown plants to find proteins associated with 
freezing tolerance. Proteins found in cold-acclimated leaf extracts with molecular 
masses of 1 10, 82, 66, 55 and 13 l(D were not found in wamn-grown leaf 
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strt; ''""'''"^■"'"^■''^'"'''P"'- content o,co,d.acc,™a.ed 

proteins within the plant remain unknown. 

AFPsbrndtothesurfacesoficecvstaMopreventthelrturtherg^wth The 

«e^oe ,„ ten,pe.ture a. Which an ice costal in ^^^^ . 
19), and 3) by measunng the InhlbBon of the ™cWa.lza«on of Ice (llMe) 

dlfferen™*"""* '^"'^^'^^'n ,sh „M, ,„a a number o, 

tt! m 'a 7 ^ P-'- «^93 suggest 

m this adaptive mechartsm has artsen Wependen., ,„ d«eren. organ Js a„, 

~r'^"'"'^'^*''^'<«-«e*''-' Plan, because 
mo^^.*,hatsun,^p,.,p„,edexposu™tos„b«™ 

F«,ck , sported that a plant gene exp^ssed a. lew tempe^ture encodes a 
P '"""^^"""'"'^•^^^'^'^^-''^-sandH" ; 

rrirr^'-"--— ---ndnoarr 

A«hou3h AFPs isolated „on, flsh and insects have been used in developing 
new add«ives fcr food prcducts ar«, «ogica, materials stored at lew and subzero 

markewace because they are perceived by consumers tc be inappropHate For 
-lated tlom ptems ,s expected ,c be more w«ely appl^ble in the marketplace than 
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' AFPs already characterized from animals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention will be described in relation to the drawings 
5 in which: 

I. COLD TOLERANCES IN PLANTS 

Figure 1 depicts concentrations of extracellular proteins from winter rye leaves 
grown under various temperature regimes. ' 

Figure 2 depicts SDS-PAGE of extracellular polypeptides isolated from winter rye 
1 0 leaves grown under various temperature regimes. Lane 1 , molecular mass mahcers; 
lane 2, extracellular polypeptides from rye plants grown at 20/16° C (day/night) with 
a 16-hour day; lane 3, extracellular polypeptides from rye plants grown at 5/2* C with 
a 16-hour day; lane 4, extracellular polypeptides from rye plants grown at 5/2 '0 with 
an 8-hour day. 

15 Figure 3 depicts SDS-PAGE of extracellular polypeptides isolated from cold- 
acclimated winter rye leaves grown with an 8-hour daylength at different stages of 
development. Lane 1, molecular mass maricers; lane 2, extracellular polypeptides 
firom rye plants grown at 20/16° C with a 16-hour day for 7 days; lane 3, extracellular 
polypeptides from rye plants (20/16 »C, 7 days old) transfenred to 5/2° C with an 8- 

20 hour day for 28 days; lane 4, extracellular polypeptides from rye plants transfen^d to 
5/2 °C for 43 days; lane 5, extracellular polypeptides from rye plants transfenred to 
5/2° C for 50 days; lane 6, extracellular polypeptides from rye plants transferred to 
5/2 °C for 71 days; lane 7, extracellular polypeptides ft-om rye plants transferred to 
5/2 °C for 95 days. 

25 Figure 4 depicts SDS-PAGE of extracellular polypeptides isolated from deacclimated 
winter rye leaves. Lane 1 , molecular mass markers; lane 2. extracellular 
polypeptides from plants grown at 20/16° 0 for 7 days and then transferred to 5/2° C 
with an 8-hour day for 42 days; lanes 3. 4 and 5. extracellular polypeptides from 
plants grown as described in lane 2 and then transfen^d to 20/16° C with an 16-hour 

30 day for 4, 6 and 8 days, respectively. 

Figure 5 depicts the ice nucleation activity of various ultrafiltered extracellular 
extracts from rye leaves grown under different temperature regimes. 

Figure 6 illustrates the antifreeze activity in extracellular extracts of cold- acclimated 
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,ea«s. AnW™«e acB^ was dete™i„ed by ob,«vi„g ice c^sta, 
morpho „gy using , ^ 

USA 1,-5). On««ation of the ice oystels in C, D, E a™. F: Ihe a-axis represem, 
.ro„.h,„,he.asa,p,anea„..Hecaxis™p.,e«sg™w.H„o.,ai.omeZ"L 

5 ^'^^'"''''^naticnofex.raceliularex.rac.sfrcmcold.c^i^ted^le^^^ 
by column chromatography. ""naiea lye leaves 

a*r "'T'" "^"^ " -^'^ <^ - ""^en^^e.. 

ant*^e protein fro. co,..acc,in,a.ed winter rye ^s. A: Ori.rta.on of the crystaias 

was lowered. Incomplete b,pyramid,- C: bipyramid: D: needle-like crystal 

Figure 10 depicts extracellular polypeptides from coid-acdimated winterrye leaves 

15 «'^8elandassayed,oractivity.The161,93to99.33,31.27,23,15and11kD 
polypeptides all exhibited anHfraeze activity. aw 11 ko 

Rflure 11 depicts extracelMar extracts from A: nonacdimaled and B: cold-acdimated 
-n^r -ye leaves. Polypep.^ wero s<«ub»^ and separated by SOS^^^t„ 

r~::sr:::~irdT"^^^^^ 

„„^ .„ blotted onto nitrooellulose and 

probed w* antKhiUnase antiserum as the primary antibody. 

25 ? InhibiBon h extracellular extracts obt*«df«m 

25 ^d-acc„matedv*,ter^epiants. Atthe 1:10.000d«ut,on, the prot^nconcenZn 

forehours. mm Sp/afs«e«an™a^,,^cfer6/,o„,.too6se,ve 
Almosphenc Research, Boulder, CO, USA) 
30 Figure ,* depicts the tevel of freezing Injury, measurod as ion leakage, in 

nonacmated ^ (o), cold-aC^ated leaves W and cold-acCimated ^aves 
w^«h „.« extracted befbro froezing to decrease the levels of extracellular pro^ns 
(V). ™»l«»veswerep,acedinwa,er,cooledtothetemp,raturea,whichice 
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• formation occurred and then held at that temperature for 22 min. Leaves were 
removed from the freezing bath and allowed to thaw slowly on ice. Ion leakage was 
calculated as the conductivity of the solution after the leaves were frozen divided by 
the total conductivity of the solution after boiling. The data were corrected for ion 
5 leakage of unfrozen samples and are presented as means ± SE, n = 3. Lethal injury 
occurs at 50% or greater ion leakage from the tissue. 

II. ANTIFREEZE ACTIVITY IN COLD-ACCLIMATED HERBACEOUS PLANTS 

Figure 15 shows antifreeze activity in leaves of nonaccllmated (NA) and cold- 
10 acclimated (OA) plants. Antifreeze activity was detenmined for each leaf extracellular - 
extract by observing the morphology of ice crystals grown in solution. No antifreeze 
activity was observed in all nonacclimated leaf extracts. Extracts of cold-acclimated 
kale and winter canola leaves, as well as cold-acclimated winter and spring rye, 
winter and spring wheat, winter barley and spring oats leaves all exhibited antifreeze 
15 activity. All crystals were photographed at the same magnification. The 
magnification bar represents 17 jim. 

Figure 16. Extracellular protein accumulation in leaves during cold acclimation of A: 
winter rye, winter bariey and winter wheat; B: spring rye, spring wheat, spring oats 
and maize; C: spinach, winter canola and kale; D: spring canola and tobacco. Plants 
20 were grown under nonacciimating conditions (0 time point) and then transfen-ed to 
conditions for cold acclimation (5/2°C) for 1 to 7 weeks. Protein concentrations are 
presented as means ± SE, n = 3. 

Figure 17, Accumulation of extracellular polypeptides and immunodetection of 
antifreeze proteins in winter rye cv Voima. A: Equal amounts of polypeptides (5 ^ig 

25 protein per lane) were separated by SDS-PAGE from concentrated extracellular 
extracts obtained from 3 week-old nonacclimated (NA) rye (lane 1), and from rye 
cold-acclimated (OA) for 1 week (lane 2). 2 weeks (lane 3), 4 weeks (lane 4). 7 
weeks (lane 5) and 9 weeks (lane 6) at 5/2±C (day/night). SDS-polyacrylamide gels 
loaded with equal amounts (1 ng per lane) of concentrated extracellular extracts 

30 were blotted and probed with B: anti-glucanase-like protein antiserum (dilution 1:10 
000) produced against winter rye 32 kD glucanase-like protein; C: anti-chitinase-like 
protein antisemm (dilution 1:1000) produced against winter rye 35 kD anti-chitinase- 
like protein; and D: anti-thaumatin-like protein antisemm (dilution 1:10 000) produced 
against winter rye 25 kD thaumatin-like protein. Positive immunodetection of each of 
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the B,o-Rad low molecular mass marker.. CLP, chitlnase-like protein- GLP 
glucanase-Uke protein; TLP.thaumatWike protein. ' ' 

(NA) and fully cold^cd™a,«. (CA) cereals. Equal amounts (1 ,g per lane) of 

oTaT "^'^ =~ SDS-polyaay,am«. 

. gete. A. A gel stained with Blo-Rad silver stain. The geis were blotted and ^ 

thirp'?^ N'™'"^ 0" ^ "eo -eferto 

the Bio-Rad low molecular mass maiters. 

ffiir 11"^ "'^'-^^""-Po'^Ptfde, in nonaccamated ' 

(NA, a d ^ , o^d-acimated (CA, dicotyledons. Egua, amounts <1 « per ^ne, of 
coventrated extracellular p<.ypep,ides were separated in 15% SDS^IyacrylamWe 

Z '-■''y-"^^^-'^- Aftertransf^.^munobk^were 
P^ot^d with B: anti^LP an««e,um (dilution 1:10 000), C: antHDLP antfeerun, 
^l^n 1:1000,, ^ D: antl-TLP a„«ser«. (dlMion „o OOO). Numt^rs on the left 
indicate the separatton Of Blo^ad low molecular mass markers. 
R9U« 20 shows the total sugars present in extracellular extracts from 
nonacdimated (whto and cold-accllmated (hatched bars, monocotyledonous 
W and dicotyledonous (B, ptants. Sugar concentraUon was calculated as mg g- 
FW usmg glucose as a standard and am shown as means ± SE, n = 3. 



111. ISOIATION OF DNA AND PROTEIN SEQUENCES FOR CHmNASE^.lKE 
PROTEINS VWTH ANTIFREEZE ACTIVITY 

Flgu» 21 deplete DNA and protein sequences for a chitinase-like prctein with 
anW-eeze acttvity. a: ch-9 full lengm DNA and amino acid sequence: b: ch-g DNA 

g including a presequence o, 20 amino acids that is removed in the plan, cell (the 
final punfied protein that has chWnase and antifreeze activity is lacking this 
Pr^ciuence,: d: ch-g amino acid sequence lacking a presumptive s^nal sequence 

of 20 ammo acids. m ^ 

Figure 22 depicts DNA and protein sequences for a chHinase-lIke protein wim 
anweeze activity, a: ch^ DNA and am™ acid sequence (removed untranslated 
sequences and the putative presequence,: b: ch^6 DNA and amino add sequence 
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(removed untranslated sequences); c: ch-46 (putative signal sequence removed; d: 
ch-46 (untranslated sequence removed). 

Figure 23 Is a multiple sequence alignment of amino acid sequences of chitlnases 
from different plants. 1 is the amino acid sequence of chitinase-a from rye seeds 
5 (Protein Information Resource Accession No. JC2071), rye is chitinase-cfrom rye 
seeds (Protein Infomiation Resource Accession No. JN0884, pCHT9 and pCHT46 
are the predicted amino acid sequences for two v\^inter rye chitinase-like proteins with 
antifreeze activity. 

1 0 EXPRESSION OF DNA SEQUENCES ENCODING CHITINASE-LIKE PROTEINS • 

Figure 24 shows the expression of DNA sequences and secretion of chitinase-like 
protein in E.coli. Total cell extract was prepared from uninduced (lanes 1, 3) and 
IPTG-induced cells (lanes 2, 4), separated by SDS-PAGE and subjected to 
immunoblotting. A 32 KD protein recognized by the anti-chitinase-like protein 
15 antiserum is evident In the induced cells (lanes 2, 4). Also shown is chitinase-like 
protein purified from cold-acclimated winter rye (M). 

Figure 25a shows the expression and secretion of chitinase-like protein in yeast 
Yeast cells were grown in YPD medium for 24 hr (lane 1), 48 hr (lane 2). Cells were 
centrifuged, the supernatant was mixed with sample buffer, and the polypeptides were 
20 separated by SDS-PAGE. A 32 kD polypeptide is present in both lanes. 

Figure 2Sb shows an immunobiot analysis of both supernatant and cell pellet with 
anti-chitinase-like protein antiserum. Proteins from both the supernatant (lanes 3, 4) 
and the cell pellet (lanes 1. 2) were solubilized. separated by SDS-PAGE and 
subjected to immunoblotting. The majority of proteins are found in the supernatant 
25 (lanes 3, 4). Also shown is chitinase-like protein purified from cold-acclimated winter 
rye. 

Figure 26 shows heat-stable AFPs separated by SDS-PAGE. Extracellular extracts 
from cold-acclimated winter rye leaves were heated (lane A) to eO'C for 30 min or 
(lane B) to 100°C for 10 min. Lane C shows BioRad braod range molecular mass 
30 markers (207, 121. 81, 51.2. 33.6. 28.6, 21.1. and 7.5 kD). GLP: glucanase-like 
protein; TLP: thaumatin-like protein. 
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SUMMARY OF THE INVENTION 

It was the general impression that the mechanism responsible for freezing 
tolerance in plants resided wrthin the cell so as to protect it from fomiing ice crystals 
internally. No one had given any thought to the possibility of the existence of AFPs 
and .ce nucleating proteins in plants. Furthermore, no thought had been given to the 
possibility that such proteins could be located outside of the cell to effect an entirely 
different mechanism for protecting the plant from freezing. Quite surprisingly we 
have found that a group of polypeptides accumulate extracellularly and exhibit ice 
nucleation and antifreeze activrties that control ice crystal growth in intercellular 
spaces and xylem. In their native fomis. these proteins also exhibit enzymatic 
acfviftes. such as glucan and chitin hydrolysis, which may modify plant cell walls ' 
and/or inhibit the growth of low temperature pathogens. These extracellular 
polypeptides are located in the extractable portion of the plant apoplast. which 
includes the outer surface of the plasmalemma. the region between the 
Plasmalemma and the cell wall, the cell wail, the middle lamella, the intercellular 
spaces and the tracheids and vessels of the xylem. It is understood throughout this 
specification that the temi extracellular has the above meaning. 

Winter rye is an oven«^interjng herbaceous annual plant that sun^ves 
temperatures lower than -2000. When winter rye leaves freeze, ice grows in 
intercellular spaces within the mesophyll and in xylem vessels (111-40). The survival 
of frozen plant tissues depends on preventing cellular damage caused by the growth 
of intercellular ice crystals. AFPs that accumulate in the apoplast of winter rye 
leaves during cold acclimation have the ability to modify the growth of ice crystals in 
frozen tissues (IIM9. ,11-22) and are correlated with greater freezing tolerance of the 
Winter rye leaves (IIWS). Moreover, as shown by immunolocalization. the AFPs are 
associated with the epidemiis and with mesophyll cells that surround intercellular 
spaces of cold-acdimated winter rye leaves (III-2). These locations correspond to 
the known sites of ice formation on the surface of the leaf and in intercellular spaces 
withm the mesophyll (111-40. 111-41) and suggest that AFPs may also prevent 
inoculative freezing of cells (111-41). 

Six AFPs ranging in molecular mass from 16 to 35 kD have been isolated 
from the apoplast of cold-acclimated winter rye leaves (111-22). They are similar to 
members of three classes of pathogenesis-related (PR) proteins: two AFPs are 
chitinase-like proteins (CLPs). two are p -1.3-glucanase-like proteins (GLPs) and two 
are thaumatin-like proteins (TLPs. 111-23). One CLP was purified to homogeneity 
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' from cold-acclimated winter rye leaves and shown to have both antifreeze and 

chitinase activities (111-23). Because these low temperature rye proteins exhibit two 
activties. they may play a role in nonspecific disease resistance (chitinase and 
glucanase activity) as well as in freezing tolerance (antifreeze activity. 111-48). 

5 If the ability to modify the growth of Ice in the apoplast is an important 

component of freezing tolerance, then it is probably a widespread mechanism 
among plants. Surveys of ovenA^intering plants have shown that there is antifreeze 
activity in the sap expressed from the tissues of many plants, including 21 
dicotyledonous and 9 monocotyledonous plants (111-19. 111-17. 111-52. 111-11. 111-12). 

10 An AFP has also been isolated from the expressed sap of Solanum dulcamara, an 
ovenwintering woody vine known as bittersweet nightshade (111-10). The nightshade 
AFP is a large (67 kD) glycosylated protein with an usually high glycine content (ca 
24%) and a unique N-terminal amino acid sequence (111-10). 

AFPs isolated from plant sources are important additives for processes that 
15 involve modifying ice formation, reducing disease, decay and spoilage caused by 
microorganisms at low temperature, and ameliorating the results of exposure to low 
temperatures, including the production and storage of frozen foods and 
cryopreservation of biological materials. The genes encoding AFPs are important in 
expression systems for increased production of AFPs to use as additives and in 
20 transgenic organisms to increase AFP synthesis to promote survival and reduce 

injury and disease in cold environments. According to an aspect of the invention, 
AFPs common to freezing-tolerant plants are provided. The proteins are located 
extracellularly to control ice crystal growth in the xylem and intercellular spaces 
within plant tissues. This modification of ice crystal growth contributes to the plants' 
25 ability to withstand freezing. The polypeptides with antifreeze activity are selected 
from a group of polypeptides having respectively apparent molecular masses of 
about 5 to 9 kD. about 9 to 1 1 kD. about 1 1 to 15 kD, about 21 to 23 kD, about 24 to 
27 kD, about 30 to 31 kD, about 31 to 33 kD, about 32 to 36 kD. about 60 and 68 kD, 
about 89 to 100 kD and about 161 kD. 

30 According to another aspect of the invention, polypeptides having the above 

molecular masses and deriving from extracellular spaces of freezing-tolerant plants 
are provided. Some of the polypeptides are ice nucleators that initiate ice in 
extracellular spaces of plant tissues. Some of the polypeptides are AFPs that modify 
ice crystal growth in extracellular spaces. Some of the polypeptides are enzymes 

35 that modify plant cell walls and/or inhibit the growth of pathogens in plant intercellular 
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spaces. 

° °' ^"^"^ apparent molecular masses ba^pH • 
SDS PAnc «»i . X. "'asses Cased on their migration in 

^ «. cover m«e po,^p.,es ^.l/^^' e^l 7T" ' 
.x«.ce«. spaces c ,„,„ e«.«s of 

According to another aspect of the ira^mion AFPs fhm, h-^, 

herbaceous n;=„. ™'""*"'»'™cellular extracts from eight 

neroaceous plants grown at low temperature Indiidi™, 

and spring rye, .*„er and wh^« t2.TT^ ^ --ocotyledons (winter 
-*e. u sphng oats ..e„ J^^^ZZ^. ' "^^ 
nepos L and Kale oteracea L T ^'^^^ 

--otmodiM.,cec,xz.ti:r::rrr*^™*^ 

survival In both monocots and dicots Morel . " """"^ 

accompanied b,a„i„«,sei„:ira:;:r:::::^----p^^^^ 

Of .he Poaceae famliy exposed to cold temp^V " 7 ~ ^"""^ 

::::ir;:r^^'°="^°'^^^^^^^ 
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during cold acclimation. Therefore, the invention also relates to cold-induced 
pathogenesis-related proteins with antifreeze activity isolated from a monocot. The 
monocot is preferably from the Poaceae family. In a preferred embodiment, the 
monocot is selected from the group consisting of barley, wheat and rye, spring rye, 
winter rye, spring wheat, winter wheat, and winter bariey. The invention also 
includes a mimetic of each polypeptide. In a preferred embodiment, the 
polypeptide(s) of the invention may be selected from the group consisting of 
chitinase-like protein, thaumatin-like protein and glucanase-Iike protein. The 
polypeptide(s) may be used for producing antifreeze protein, increasing freezing 
tolerance in plants and microorganisms, inhibftion of ice recrystallization in biological 
matter or food product, reducing disease, decay or spoilage caused by 
microorganisms active at low temperature in biological matter or food product, 
cryopreservation of cells, hypothemnic protection of cells, cold protection of human 
platelets and killing tumor cells. 

According to another aspect of the invention, antibodies to one or more of the 
aforementioned polypeptides may be developed, such antibodies being optionally 
adapted for detection in an immunoassay for detemiining the level of freezing 
tolerance or for detemnining if similar AFPs are produced by other plants. Three of 
the extracellular AFPs from winter rye that correspond to a 32-kD glucanase-iike 
protein, a 35-kD chitinase-like protein and a 25-kD thaumatin-like protein were 
purified and antisera were raised against each of them. 

According to another aspect of the invention, frozen food preparations may 
include one or more of the above polypeptides and. in particular, ice cream and fruit 
preparations which include one or more of the polypeptides to provide a superior 
product having minute crystalline structure. In addition, the polypeptides are useful 
in the cryopreservation of biological tissues, frozen storage of a variety of tissues 
and frozen germplasm storage. 

According to another aspect of the invention, it is provided that the sugars 
present in the extracellular extracts of cold-acclimated plants also modify the growth 
of intercellular ice and inhibit ice recrystallization. These sugars enhance the activity 
of AFPs. 

According to another aspect of the invention, two chitinase-like proteins from 
winter rye are cloned using molecular biology techniques and are expressed in both 
bacterial and yeast systems. The expressed proteins showed both chitinase and 
antifreeze activities. The invention includes the DNA and protein sequence of the 
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ohiUnase-like proteins, any ^ ^ ^ ^ 

mese sequences and meir application in agrtculture, food industty and medicine 
The invention is a nucleic add m<.ecule isolated torn a monocot encoding an AFP 
in a preferred embodiment, ttte molecule has the DNA sequence In Figure 21 a 
F.gu™ 21.b or Figure 22.a or Figu« 22.b. The lnven.on ^so inc^■des a molecule 
w ose sequence is substantially homologous (homology » discussed below 

R9U« 21.3. Figure 21.b, Figure 22.a or F^e 22.b. ^ m^ecule may be selected 
from a group consisting of mRNA. cDNA. sense DNA. anti^ense DNA. single- 
stranded DNA and double stranded DNA, the invention also relates to a polypeptide 

encoded by the nudelc ac« m^ecute and a mimetfc 0, the purged and J Jd 
polypeptide, in a preferred embodiment, the polypeptide has the amino add 
se^ence in F^ure 21.a. Rgure 21.b, Figure 21.c. FIgu™ 21.d. Flgu« 22,a, Figure 
^^Figuie 22.C or Hgu™ 22.d. The polypepUde. in another embodiment, can be 
substar*ally homotogous to a, or pan of the amino a« sequence in Figuie 21 a 
F«-21.b,Figu,e21,c.F«u,e21.d.Rgure22.a.F^u,e22.b. Figure 22.corFlgu« 



The invention also relates to the DNA sequence encoding the signal 
sequence of the po^,p,p«de that directs its secretion from the cell. The Invention 
.ndudes a molecule whose sequence is substanB^iy bomologous to a» or pan of the 
DNA sequence In Figure 21.a. Figu« 2, .c, Rgure 22.b or F^ure 22.d, The 
molecule may be selected from a group consisting of mRNA. d3NA. sense DNA 
«-sense DNA. slngle-stranded DNA and double st^nded DN/. The InvenUon also 
relates to a polypeptide encoded by the nucleic add mdecul, and a mimetic of the 
punfied and isolated polypeptide. In a prefer^d embodiment the pdypepMe has 
*e amino add sequence in Figure 21,a. Rgu™ 21,0. F^ure 22.b. or Rgue 22 d 

po^,pep«de. in another embodiment, can be substantiaBy homologous to all'or 
pan o,me amino add sequence in Hgu« 21.a. Figure 21.c Rgure 22.b. or F^uie 
22.d. The targetdnB sequence may be used to direct prclein secretion in a 
transgenic organism or expression system. The expression host can be a plant, plan, 
cell, algal cell, bacterium, yeast, fungus, animal and animal cell. 

The invention also indudes a system for the expression of a gene encoding a 
d^*nase.l*e protein, inch^ding both an expression vector and cDNA for a chi«nas^ 
like protein Inserted « the expression vector. In a prefened embodiment, the 
expression vector is £ cC, plasmid pET12a, In another embodiment, the system 
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consists of Pichia vector pGAPZoA. In a preferred embodiment, the system includes 
the chitinase-like DNA sequence in Figure 21. a, Figure 21 .b, Figure 22.a or Figure 
22.b. The invention also includes a plant, plant cell, animal, animal cell, bacterium, 
fungus or yeast transformed by the system. Another aspect of the invention includes 

5 a method for expressing chitinase-like protein consisting of transforming an 

expression host with a chitinase-like protein DNA expression vector and culturing the 
expression host. The expression host can be a plant, plant cell, algal cell, bacterium, 
yeast, fungus, animal and animal cell. The product of the expression system can be 
used for producing AFP, increasing freezing tolerance and low temperature disease 

10 resistance in plants, animals and microorganisms, inhibition of Ice recrystallization in 
biological matter or food product, cryopresen/ation of cells, hypothermic protection of 
ceils, cold protection of human platelets and killing tumor cells. 

The invention also relates to DNA sequences encoding cold-induced 
endochitinases from all members of Monocots and/or the Poaceae for the same 
15 uses as the winter rye sequences described in this application. 

The invention also relates to organisms (plants, animals and microorganisms) 
transformed by AFP DNA sequences to promote survival during frozen storage, 
winter survival and/or freezing tolerance in transgenic organisms. Organisms may 
be transformed to overproduce the protein, and the AFPs also allow storage of the 
20 organisms themselves close to zero Celsius or at a subzero temperature while 

permitting continued work with them. This is advantageous because many bacterial, 
animal, plant and yeast cell lines are quite freezing or cold sensitive. 

The invention is a nucleic acid molecule isolated from a monocot. encoding 
an antifreeze protein. In one embodiment, nucleic acid molecule comprises the 

25 DNA sequence in Figure 21(a), Figure 21(b), Figure 22(a) or Figure 22(b). The 
nucleic acid molecule may omit the targeting sequence shown in Figures 21 or 22. 
The molecule preferably has at least 40% sequence identity to all or part of the DNA 
sequence Figure 21(a), Figure 21(b), Figure 22(a) or Figure 22(b). The molecule is 
preferably selected from a group consisting of mRNA, cDNA, sense DNA, anti-sense 

30 DNA, single-stranded DNA and double-stranded DNA. The invention also includes 
nucleic acid molecules encoding the same amino acid sequence as the nucleic acid 
molecules in Figures 21 and 22. The invention also includes a nucleic acid 
molecule that encodes a chitinase-like antifreeze polypeptide that hybridizes to the 
nucleic acid molecule of the coding strand from positions 340 to 744 of Figure 22 (a) 

35 under a wash stringency of 0.2X SSC to 2X SSC. 0.1% SDS, at 42^C. Another 
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embodi^n, of me invention also includes , nucleic acid molecule tha, encodes 
chtoa^ike antifreeze proteins that hybndias to the nucl«.tide sequence of the 
c«nng s^nd fr^n posKlons 541 to 745 of R,u„ 2, ,a) under a wash stringency of 
0.2XSSCto2XSSC,0.1%SDS,at42°C. 

In another embodiment, the invention Includes a polypeptide encoded by a nucleic 
aad moleo^le of the invention, such as those described in fte preceding paragraph 
^ invenhon also includes a mimetic of the pu*d and isolated polypeptMe The ' 
PC ypeptde preferably includes the amino acid sequence in Figure 21(a), Figur, 
21 b . Rgure 21(c,, Figure 21(d,, Rgure 22,a>, Figure 22(b,, Rgure 22,c) orRgur. 
22(d). In another embodiment, the polypeptide includes at least 40% sequence 
.d».«ytoa,lorpartoftheam,noacidsequence,nF^,«21(^ " ' 

21(c). F^ure 21(d), Figure 22(a). Figure 22(b). Figure 22(c) orHgure 22(d). 

is^,^^?'™""" ' "'<^W"<i artNreeze polypeptide 

«o^ted from a monocot or a cokWnduced pathogenesis^iated protein with 
an.*e«e activity Isolated from a m«»col The monooot is prefe-ably from the 
fa..-y Poac«„,. The morwcot is pref«^,y selected from the group consisting of 
badey. wheat and rye. spdng rye, spring wheat, winter whaat, winter barley and 
sprmg oats. The inv«,tion also Includes mlmeUcs of these polypeptides. 

■fhe invention includes an isolated polypeptide having antifreeze activity 
setected from the group consisting of barley, wheat and rye, spring rye, spring ' 
v*eal Winter wheal and winter barley, winter canola, spring oats and kale. The 
polypeptide is preferably, selected from me group consisting of chltinase, thaumaUn 
andglucanase. The polypep«de is useful fcr producing anti^aeze protein, incasing 
f>B«.ng tolerance in plants and microorganisms, incasing flWd su,vi«u and yield, 
o Plants, animals and micrcorgansims exposed to subzero t«.peratu«s, i,*toition 
Of ,ce recrystalfeation in biological ma«er or f«d pnxiuct. cryopr«erv,«on of cells 
hy^othe.™,cpro,ec«on of cells, cold protecti™, of human platelets and Wiling tumor 

The invention also includes a recombinant DMA comprising a DNA molecule 
of the invention and a promoter region, operatively linked so that the promoter 
enhances transcription of said DNA mol«:ule in a host cell. The invention also 
.hdudes a system for the expres^^ of a chHinase gene, comprising an expression 
ve-or and chitlnase cDNA inserted in the expression vector. The expression vector 
P-Bferab^r includes a plasmid such as an E co// vector (for example, pET12a) The 
expression vector may also a Plchb ve«or (for example pGAPZoA) In the 
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expression system, the chitinase DNA preferably comprises all or part of the DNA 
sequence in Figure 21(a), Figure 21(b), Figure 22(a) or Figure 22(b). The invention 
also includes a plant, plant cell, animal, animal cell, bacterium or yeast transformed 
by the system. 

5 In another embodiment, the invention is a method for expressing chitinase 

comprising: transforming an expression host with a chitinase DNA expression vector; 
and culturing the expression host. In the method, the expression host Is preferably 
selected from the group consisting of a plant, plant cell, bacterium, yeast, fungus, 
protozoa, algae, animal and animal cell. The^product of the expression system is 

10 preferably useful for producing antifreeze protein, increasing freezing tolerance in 
plants, animals and microorganisms, increasing field survival and yields of plants, 
animals and microorgansims exposed to subzero temperatures, inhibition of ice 
recrystallization in biological matter or food product, cryopreservation of cells, 
hypothermic protection of cells, cold protection of human platelets and killing tumor 

15 cells. 

The invention also includes a nucleotide sequence that targets protein 
secretion in plants consisting of the targeting sequence of the coding strand or its 
complement thereof shown in Figure 21 (a), positions 1 through 60. The nucleotide 
sequence that targets protein secretion in plants preferably includes of the coding 
20 strand or its complement thereof shown in Figure 22 (a), positions 1 through 66. 

The invention includes a method of enhancing antifreeze activity, comprising 
combining antifreeze polypeptide with sugars to enhance the activity of antifreeze 
polypeptide to inhibit the recrystallization of ice and modify the nonnal growth of ice. 
The invention includes a composition comprising one or more antifreeze proteins 

25 combined with one or more sugars. The polypeptides of the invention may be 
combined with a sugar for a use such as producing antifreeze protein, increasing 
freezing tolerance in plants and microorganisms, increasing field survival and yields 
of plants, animals and microorganisms exposed to subzero temperatures, inhibition 
of ice recrystallization in biological matter or food product, cryopreservation of cells, 

30 hypothermic protection of cells, cold protection of human platelets and killing tumor 
ceils. 

The polypeptides of the invention may be used for inhibition of the initiation or 
progression of a disease or spoilage caused by a low temperature pathogen in a 
plant, a frozen food or any cryopreserved biological matter. The invention also 
35 includes a method for separating antifreeze proteins from plant materials or 
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recombinant expression systems oomphsing heating soluble extracts to 
temperatures of at least about 60X and then centriluging orflWng the heated 
extracts to remove denatured proteins and insoluble matenals.The invention relates 
to an isolated cDNA encoding an antifreeze polypeptide from a monocct The 
monocot is pieferabiy from the femily Poaceae or the group Triticum (most 
preferably winter rye). The cDNA preferably also encodes a signal sequence for 
.ranstooation of the polypeptide. The Invemion also relates to nucleic add molecules 
encoding cold-induced endochitinases from a monocot, the family Poaceae or the 
group Triticum. The invention also includes polypeptides produced from the nucleic 
acid molecules. The Invention also includes the use of these nucleic the same uses 
asaredescrtbedforwinterryeandotherantifreezepoiypeptldes In this application. " 

The invention includes an isolated DMA mol«»,le comprising a nucleotide 
sequence selected from the group consisting cf: a nucleic aad mol«=ul, shown in 
Pgureai or22,ormecom^ementthereoft a nudeoUde sec,uenc that hybridizes 
to sa,d nucleotide sequent of (a) under moderate or high stringency conditions, for 
example the condiUons described in this appUcation, and whid, encodes an 
antifreeze polypeptide; an antifreeze nudeic add molecule having at least 40% at 
least 60%, at least 80%, at least 90%, at least 95%. 97%, 98% or 99% saquena, 
identity with the nudeotide sequ«Ke of (a) and whid, encodes an antifreeze 

polypeptide; a nudeotide sequence encoding the same amino add sequence as the 
nudeotide sequence of (a); and a nudeotide sequence encoding the same amino 
aad sequence as the nudeotide sequence of (b). 

The invention also relates to an isolated nudeic acid molecule capable of 
hybridizing With a nudeotide sequence in monocots under conditions of moderate 
stnngency or high stringency, the sequence encoding a polypeptide having 
»**»eze activity, and wherein the DMA molecule is capable of hybridizing to a 
nudeotide sequence of Rgure 21 or Rgure 22 under conditions of moderete or high 
Stringency. 

"Moderate" stringency is used in Examples 25. 25.1. and 25.2.6. A "higher" 
stnngency may also be used, for example by increasing the temperature to 55 C in 
example 25.2.2 and to 65 C with the gene-specffic probe for CHT46 described in 
example 26.1. The stringency level used most often (0.2 XSSC. 0.1% SDS 30min 
at 42 C) and the one we claimed for our hybridizationprobes is defined as moderate 
stnngency in Short Protocols in Molecular Biology. F. Ausubel et al.. 1995. eds. John 
35 Wiley and Sons, Chapter 4. p 25. 
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The invention also relates to a ch9 or ch46 nucleic acid molecule cloned from 
winter rye and an expression vector comprising the nucleic acid molecule and a 
promoter controlling expression of the molecule. The invention also includes the 
expression product of the nucleic acid molecule. The invention also relates to an 
5 antifreeze nucleic acid molecule or gene cloned from a monocot from the family 
Poaceae, preferably winter rye. 

The invention also relates to a method of delecting the presence of ch46, ch9 
or a nucleic acid molecule encoding an antifreeze protein in a sample by a) selecting 
a probe from the nucleic acid sequences in Figure 21 or Figure 22, b) hybridizing the 

10 probe with the biological sample, and c) detecting the presence of a hybridization 
complex formed by the hybridization of the probe with the ch46, ch9 or antifreeze 
nucleic acid molecule in the sample, wherein the presence of the complex is 
indicative of the presence of ch46. ch9 or antifreeze nucleic acid molecule in the 
sample. The nucleic acid can be DNA or RNA. The probe is preferably at least 75% 

15 complementary to a nucleotide sequence of 10 contiguous molecules present in a 
probe disclosed in this application. Sequences complementary to the probes 
described in this application are also useful. 

The invention also relates to a cold tolerant plant having inserted into its 
genome a recombinant, double-stranded DNA molecule comprising in sequence: 

20 • a) a promoter region which functions in plants to cause the production of an 
RNA sequence, operatively linked to; 

• b) a DNA sequence that causes the production of an RNA sequence which 
encodes an antifreeze polypeptide having the sequence in Figure 21 or 22, a 
variant or biologically functional equivalent polypeptide. 

25 In alternate embodiments of the invention, the DNA sequence is operatively 

linked to at least one of a signal sequence and an untranslated sequence. The 
promoter is preferably heterologous with respect to the DNA sequence and 
causes sufficient expression of the antifreeze polypeptide in plant cells or tissue 
to enhance the cold tolerance of a plant transformed with the gene. 

30 The nucleic acid molecules of the invention may be used in a method to 

transform a host cell capable of producing antifreeze polypeptide by transfomning a 
host cell with an expression vector comprising the nucleic acid molecule. The 
invention also relates to a method for altering the level of antifreeze polypeptide in a 
cell ( overexpressing antifreeze polypeptide) by transforming a host cell with an 
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expression vector comprising a nucleic acid molecule of the invention and 
expressing the polypeptide encoded by the nucleic acid molecule. The expression 
vector preferably includes an antifreeze nucleic acid molecule and a promoter region 
operatives linked such that the promoter enhances transcription of said DMA 
molecule in a host cell. The invention also includes a method of producing a 
genetically transfomied plant which expresses antifreeze polypeptide including the 
steps of: inserting into the genome of a host plant cell a recombinant, double- 
stranded DMA molecule comprising: a promoter which functions in plant cells to 
enhance transcription of an adjacent DNA coding sequence; an antifreeze DNA 
molecule of the invention operatively linked to the promoter; and regenerating a 
genetically transfomied plant from said host plant cell. The DNA molecule preferably - 
comprises an isolated DNA molecule that is ch9 or ch46 or that hybridizes to a DNA 
molecule having the ch9 or ch46 nucleotide sequence of Figure 21 or 22. a variant or 
biologically functional equivalent molecule under conditions of moderate or high 
stringency. The invention also includes plant produced by the method. 

The invention also relates to a method for altering the level of antifreeze 
polypeptide in a plant comprising: 

. transferring DNA to a plant cell from which the plant is regenerated, wherein 
the DNA comprises an isolated DNA molecule that is ch9 or ch46 or that 
hybridizes to a DNA molecule having the ch9 or ch46 nucleotide sequence of 
Rgure 21 or 22. a variant or biologically functional equivalent molecule under 
conditions of moderate or high stringency, wherein said DNA encodes an 
antifreeze polypeptide; 

• and regenerating the plant from the plant cell, such that said plant expresses 
the DNA. 

In a preferred embodiment of the method, the DNA is a nucleic acid molecule is from 
a monocot from the family Poaceae. preferably winter rye. The molecule may also 
be from a dicot. The preferably DNA changes the level of endogenous antifreeze 
polypeptide such that the cold tolerance of the plant is altered relative to the nom, for 
the plant species. 

The invention also includes a method of providing a ceil or plant with low 
temperature disease resistance (preferably antifungal disease resistance) by 
transforming a ceil or plant with the nucleic acid molecules of the invention and 
expressing the gene. The method also includes applying a composition including 
polypeptides of the invention and an agriculturally acceptable carrier. Chitinase. 

18 



wo 99/06565 PCT/CA98/00745 

glucanase and thaumatins are all antifungal proteins. The polypeptides of the 
invention exhibit chitinase, glucanase and thaumatin activity. This activity is retained 
even when the polypeptides acquire antifreeze activity. There are many diseases 
caused by microorganisms that grow well at low temperature. Freezing retards but 
5 does not prevent microbial growth and any microbes that are in the food or biological 
material can grow rapidly during thawing. 

The invention also relates to a composition for providing cold tolerance to 
plants, comprising an antifreeze polypeptide and an agriculturally acceptable carrier. 
The invention also includes a composition for,addition to food products comprising 
10 an antifreeze polypeptide and a carrier suitable for human consumption. 

DETAILED DESCRIPTION OF THE INVENTION 

Antifreeze proteins have many interesting properties. These include the 
binding and inhibition of ice crystal growth, the inhibition of ice recrystallization and 

15 the protection of liposomes, proteins, cell membranes and cells (for a more detailed 
description, see 111-21 , III-17). As result, these proteins will find wide application in 
the food industry to inhibit ice recrystallization to improve the texture, quality and 
shelf life and reduce losses due to microbial spoilage of the foods, vegetables, fruits, 
meats and many other food products that are either eaten while frozen or stored in a 

20 frozen state. In addition, these proteins can be used in the cryopreservation of cells, 
embryos, oocytes, tissues (III-4). and hypothermic protection of cells and tissues (III- 
44). Some of the more recent applications are the use of AFPs in the cold protection 
of human platelets (111-49). At high concentrations, AFPs also modify the growth of 
ice in a way that can be used in other biomedical applications to kill certain cells such 

25 as tumor cells. In transgenic plants, the AFPs can be used to improve freezing 
tolerance and increase resistance to low temperature pathogens in the plants 
expressing these proteins. 

COLD TOLERANCES IN PLANTS 

30 The novel proteins which we discovered and which are associated with plant 

freezing tolerance are of 3 categories: 

i) ice nucleation proteins, 

ii) antifreeze proteins (AFPs). and 
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iii) polypeptides for enzymatic modification of plant and fungal cell walls. 

In the process of freezing the water in a plant, tissue water migrates through 
the cell walls into the intercellular spaces where the water is allowed to freeze under 
controlled conditions, resulting in the formation of intercellular ice crystals The role 
of the ice nucleation proteins is to initiate ice crystal fomiation outside the cells in the 
.ntercellular spaces in plant tissues. The AFPs are also located extracellularly to 
bind to and modify ice crystal growth in the intercellular spaces so as to prevent 
rupture of the cell membranes. The enzymes present in extracellular spaces 
functioa to modify cell wall material, which may increase the flexibility of the cell wall 
material and increase cell viability upon freezing and thawing of the plant tissue. 
These enzymes may also degrade the cell wall material of low temperature 
pathogens and provide some resistance to low temperature pathogens. 

It is believed that the proteins associated with freezing tolerance are made 
endogenously by the plant cells and are secreted through the plasma membrane into 
the .ntercellular spaces to effect and modify ice crystal formation during exposure to 
freezing temperatures. It is understood that the make up of the freezing-tolerant 
proteins may comprise one or more of the identified polypeptides. More than one of 
the Identified polypeptides may combine to provide a protein structure which 
provides one or more of the noted frost tolerant properties of ice nucleation. ' 
antifreeze or enzymatic action. 

We have found that the polypeptides associated with freezing tolerance are 
produced to a lesser extent by plant cells at wamier temperatures such as 20''C. 
The production of the polypeptides associated with frost tolerance is dramatically 
increased as plants are subjected to conditions which resemble eariy spring or late 
fall when frost can set in. To our knowledge this is the first finding of frost 
tolerance-inducing polypeptides being located in plant tissue. In view of our having 
located the subject polypeptides in intercellular spaces we extracted the polypeptides 
from those spaces (1-16 and 11-12). Generally, the process is two-step and includes: 

i) severed or cut leaves are vacuum infiltrated with an extraction buffer 
preferably containing 20 mM calcium chloride and 10 mM ascorbate, 
and 

ii) the infiltrate is extracted from the plant tissue while the cells remain 
unbroken. 

The recovered extract exhibits ice nucleation activity, glucanase activity and 
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chitinase activity as well as antifreeze activity. Preferably ice nucleatior) activity can 
be measured by the droplet freezing assay. The ice nucleation activity decreases 
upon addition of sulfhydryl reducing agents such as dithiothreitol and 
mercaptoethanol in the manner to be discussed with respect to the examples. The 

5 antifreeze activity of the extract was determined by observing ice crystal growth on a 
freezing stage mounted on a light microscope. In the presence of the extract, the ice 
crystals form bipyrimidal and hexagonal structures that indicate modification of 
crystalline growth. Such structures are similar to those formed in the presence of 
other types of antifreeze proteins isolated from other sources such as the sea raven 

10 fish (li-4). It has been found that the addition of protease to the extract eliminates 
the antifreeze activity, thus confirming the presence of AFP(s). The glucanase 
activity is measured as the enzymatic release of glucose equivalents from soluble 
laminaran (poly-p-1, 3-glucose). The glucanase is more active in the presence of 
calcium. Chitinase activity is measured as the enzymatic release of glucosamine 

15 from colloidal chitin (exochitinase) and from chitin oligomers (endochitinase) [1-1 0.1]. 

It is understood that various separation techniques may be employed which 
remove the infiltrate from the intercellular spaces without rupturing the plant cells. 
Such techniques include vertically orienting the leaves in a funnel or cone placed 
inside a centrifuge tube to avoid bending the leaves. The leaves are then 
20 centrifuged to recover the infiltrate without rupturing the cells. Other techniques are 
available for polypeptide extraction. For example, leaves may also be extracted by 
perfusion with appropriate extraction solutions. The extracellular polypeptides are 
water-soluble and are found in the total soluble fraction when plant tissues are 
homogenized. 

25 The frost tolerance-inducing polypeptides are beneficial to any type of plant 

where ice formation occurs. Any plant tissue can, in a variety of ways, be adapted to 
provide or include these polypeptides so that they can modify ice crystal growth. 
Plants containing these proteins are more likely to withstand exposure to lower cold 
or freezing temperatures for longer time periods, survive harsher climates, and have 

30 longer growing seasons because they are less affected by spring and fall frosts. 

In addition, the use of the individual proteins provides alternative survival 
mechanisms for plants exposed to subzero temperatures. For example, some plants 
avoid freezing damage by completely preventing ice formation. This strategy of 
supercooling requires the absence of ice nucleators or the presence of substances 
35 that can inactivate ice nucleators. AFPs have been shown to inhibit ice nucleation 
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(11-13). Thus, any plant tissue can. in a variety of ways, be adapted or provided with 
AFPs to prevent ice nucleation and promote supercooling of the plant liquids 
As can be appreciated, the proteins involved in freezing tolerance as 
provided by this invention have a variety of uses. A significant use is in the detection 
of characteristics involved in freezing tolerance in plants. Antibodies have been 
produced for several of the polypeptides. Other plants can be tested for the 
. presence of similar polypeptides by way of an immunoassay to determine their ability 
to produce coldnnduced AFPs. ice nucleators and enzymes, and to assay their 
capacity for freezing tolerance. It is also understood that plants could be 
transfomied with genetic infomiation that encodes the subject polypeptides to 
improve or provide frost tolerance in other types of plants. The polypeptides of this " 
invention may also be applied to plant matter. Suitable earners for the polypeptides 
may be used which expedite absorption of the polypeptides into plants, fruit, foods or 
other biological materials. The AFPs will have to be in an aqueous solution to affect 
ice fomiation. To enhance absorption, we use a physical method such as vacuum 
infiltration, perfusion, mixing, blending, and soaking with and without abrasion. The 
polypeptides can be applied by spraying techniques to avoid frost damage to 
vegetable crops, fmit crops and the like when ambient temperatures drop suddenly 
below freezing temperature. Furthemiore. the polypeptides would be useful in the 
cryopreservation of biological tissues. Polypeptides also have a broad application in 
improving the quality of ail frozen foods and. In particular, ice cream and other foods 
that are eaten while frozen. The use of the polypeptides produces a minute 
crystalline structure in the ice and decreases recrystallizatlon to produce a higher 
quality product. In principle, the polypeptides of this invention are useful whenever it 
is desired to inhibit recrystallizatlon of ice particles. Such Inhibition of 
recrystallization maintains small ice crystal size, preventing damage to cell walls and 
membranes and maintaining viability of stored cells and tissues. Further aspects of 
the invention will be understood based on the following specific discussion and 
exemplification of tiie invention. 

Example 1: Extraction and quantification of extracellular proteins 

Winter rye seeds (Seca/e cereale L. cv. Musketeer) were sown in 15 cm 
plastic pots containing coarse vemiiculite and germinated for one week at 20:16 «C 
(day:night) witti a 16 hour daylengtii. Plants transferred to a at 5:2 °C (day:night) and 
a light regime of 16:8 h (day:nlght) are refened to as cold-acclimated rye (RH). 
Plants grown at 5:2 "C (day:night). but with a light regime of 8:16 h (day:night) are 
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referred to as cold acclimated rye - short day (RH-SD). The pots that remained in the 
growth chamber at 20 °C for another three weeks are control or nonacclimated rye 
plants (RNH). Rye plants that were grown at 5:2 (dayinight) (8 h day:16 h night) 
for exactly seven weeks and then were shifted to the growth chamber at 20"* C for 
5 four days are referred as deacciimated (Deacc). All plants were watered with 
modified Hoagland nutrient solution as described by Huner and Macdowall (1-6). 

Extracellular proteins were extracted from the leaves of RNH, RH, RH-SD 
and Deacc plants. In each instance, the extracellular extracts were prepared by 
vacuum infiltration of the leaves with 5 mM EPTA, 10 mM ascorbic acid, 10 mM 

10 mercaptoethanol, 1 mM phenylmethyl sulfonylfluoride, 2 mM caproic acid and 2 mM 
benzamidine. The vacuum infiltration is in accordance with the process described in 
Mauch and Staehelin (1-16), The treated leaves were packed vertically in a funnel 
placed in a centrifuge tube to avoid bending the leaves. With the leaves packed in 
the funnel, the material was centrifuged to remove the extracellular infiltrate that is 

15 captured in the centrifuge tube as an extract. The extract is obtained without 
rupturing the cells of the leaves. 

Extracellular proteins were extracted from RNH, RH. RH-SD and Deacc rye 
leaves, as outlined above in "Protein Extraction". Protein concentrations in the 
extracts were determined by the Bio-Rad method with BSA as the standard, using at 

20 least four independent replicates. The amount of proteins extracted from the 

extracellular space varies with the growth conditions of the plants. Nonacclimated 
leaves have an average extracellular protein content of 0.034 mg protein/g fresh 
weight. Leaves grown at 5^ C with a 16-hour or 8-hour daylength have an average 
extracellular protein content of 0.149 mg/g fresh weight, or 0.307 mg/g fresh weight, 

25 respectively. Thus there is a nine-fold increase in extracellular protein contents in rye 
plants grown at low temperature with a short daylength. These protein levels 
decreased when the leaves were shifted back to 20°C to acclimate (Figure 1). 

Example 2: Electrophoresis of extracellular proteins 

For the results presented in Figures 2, 3 and 4, the extracellular proteins 
30 were precipitated from extracellular extracts for purposes of electrophoresis by the 
addition of 1.5 volumes of 1% acetic acid in methanol and incubating overnight at 
-20°C. The protein pellet was washed with 100% ethanol and 70% ethanol at S^'C 
and then dried in a desiccator. The protein was resuspended in Laemmli (1-10) 
sample buffer [60 mM Tris-HCI. pH 6.8; 10% glycerol; 2% sodium dodecyl sulfate 
35 (SDS); 5% mercaptoethanol] and separated by electrophoresis, along with Biorad 
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unstained standards, on m acrylamide gels using 90 Vfor the stacking gel and 
1 10 V for the separating gel (1-10). The gels were stained with Coomassie blue For 
the results presented in Figure 9. proteins present in column fractions of the 
extracellular extracts were solubilized directly in Laemmli sample buffer (1-10) and 
separated by electrophoresis, along with Biorad prestained standards, on 13 5% 
acrylamide gels at 200 V. The gels stained with ammoniacal silver. 

The protein profile of extracellular extracts shows remarkable changes 
between the different types of leaves. SDS-PAGE (1 0% acrylamide gels) revealed 
the presence of at least 12 polypeptides in the extracellular extracts. Two of these 
extracellular polypeptides With molecular masses of 77 and 73 kD. which stained red 
wrth Coomassie blue, were observed in extracellular fluids from cold acclimated ' 
leaves only (Figure 2; lanes 3 and 4). Increases of eight polypeptides with molecular 
masses of 36. 33. 30. 25. 21, 15. 14 and 13 kD were observed in extracellular fluids 
from acclimated leaves (Figure 2). Increases in two polypeptides with molecular 
masses of 23 and 20 kD were observed only in leaves cold-acclimated with a short 
day. 

Example 3: Accumulation of polypeptides during cold acclimation 

To further characterize the polypeptkles of the intercellular spaces a time 
course study was carried out with the aim of correlating the appearance of these 
polypeptides with the development of the freezing tolerance. Most of the 
polypeptides of the intercellular spaces were detected at very low levels in 
nonacclimated leaves (Figure 3. lane 2). The polypeptides accumulated steadily 
during cold acclimation for 35. 50. 57 and 78 days (Figures 3. lanes 3. 4. 5 and 6) 
At 78 days, rye leaves cold-acclimated with a short day are maximally freezing- 
tolerant (LT50 = -30»C), exhibit the highest levels of all extracellular polypeptides and 
exhibit a new polypeptide at 109 kD. After cold acclimation for 102 days, the 109 77 
and 73 kD polypeptides were no longer present and the leaves are less freezing-' 
tolerant, presumably because the plants are vernalized (Figure 3. lane 7) This 
finding shows that the appearance of most of these 13 extracellular polypeptides is 
correlated with changes in freezing tolerance and vernalization. The extracellular 
protein profile was also monitored during deacclimation by transferring cold- 
acclimated plants at their hardiest stage to 20«>C for different lengths of time. As 
shown in Figure 4. the levels of most of the 12 extracellular polypeptides (lane 2 
maximally cold-acclimated) were greatly reduced following 4 days of deacclimation 
(lane 3) and continued to decline steadily after deacclimation for 6 and 8 days (lanes 
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4 and 5). The molecular mass markers are in the left hand column, which are 
understood to approximate the molecular masses of the polypeptides in lane 1 . The 
column of molecular mass markers between lane 1 and lane 2 is believed to be more 
accurate. 

5 Example 4: Ice nucleation activity in extracellular extracts 

Leaf extracellular proteins were concentrated ten-fold by ultrafiltration through 
an Amicon minicon (1-13). Concentrated extracts were used in the droplet freezing 
technique to determine the spectrum of active ice nuclei within a given temperature 
range. During freezing (Figure 5). extraceilurar extracts from cold-acclimated rye 

10 leaves grown under a short photoperiod nucleate ice at -9^C. whereas extracts from . 
cold-acclimated rye leaves grown under a long photoperiod nucleate ice at -10**C. 
The extracts from nonacclimated and deacciimated leaves initiate ice formation at 
the lowest temperature (-13^ C). The difference in ice nucleation activity of the 
extracellular extracts between nonacclimated and cold-acdimated leaves (Figure 5) 

15 may be attributed to the fact that acclimated leaves maintain higher levels of proteins 
in the extracellular spaces (Rgure 1 ). The effect of protein concentration was 
examined by using ultrafiltration to obtain nonacclimated and cold-acclimated 
extracellular extracts that were equal in protein content. When ice nucleation activity 
was assayed using frozen droplets and calculated for the two extracts, a statistically 

20 significant (p = 0.01) increase in the cumulative number of ice nuclei per gram fresh 

weight was found in cold acclimated leaves. The number of ice nuclei per gram j 
fresh weight (mean standard deviation, n = 4) at -1 5^ C was 2269 ± 292 in 
extracellular extracts from nonacclimated leaves and 7048 ± 917 in extracts from 
cold-acclimated rye leaves grown under a long daylength. The low threshold 

25 temperature for nucleation shows that the ice nucleators present in the extracts are 
not intact ice nucleation sites. 

Example 5: Antifreeze activity of extracellular extracts 

Extracellular extracts prepared in accordance with the above technique were 
evaluated with respect to antifreeze activity. The antifreeze activity was assayed by < 
30 observing the morphology of ice crystals formed in the extracts using a nanoliter 
osmometer (Clifton Technical Physics, Hartford, N.Y.. U.S.A,, 11-3, 11-5). In pure 
water, an ice crystal normally grows parallel to the basal plane (a-axes) of the crystal 
lattice with little growth perpendicular to the basal plane (the c-axis), so that the ice 
crystals appear flat and round (11-5) (Fig. 6A). In contrast, low (nM) concentrations of 
35 AFPs preferentially inhibit the a-axis growth of ice so that the hexagonal prism faces 
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Of the crystal are expressed (11-6) (Fig. 6G). At higher concentrations (^M) of AFPs. 
the crystals grow predominantly along the c-axis to forni hexagonal bipyramids (II- 
6)(Fig. 8C). 

In this experiment, extracellular extracts of nonacclimated rye leaves froze like 
distilled water i.e.. only thin, round ice crystals were observed (Fig. 6B). In contrast, 
all crude extracts of the extracellular space of cold-acclimated winter rye leaves 
fomied hexagonal ice crystals upon freezing (Figs. 6C to 6G). As the temperature 
was lowered, the crystals expanded first along the c-axis to form incomplete 
hexagonal bipyramids (Fig. 6C) and then along the a-axis to form both hexagonal 
columns (Fig. 6D) and larger hexagonal plates of ice (Figs. 6E to 6G). The fomiation 
of hexagonal ice and growth of the ice crystals along the c-axis indicate that 
antifreeze activity is present in these crude extracts of winter rye (11-3. 5). 
Furthemnore. the fact that these effects on ice crystal morphology were lost when 
extracellular extracts from cold-acciimated rye leaves were incubated with 5% (w/v) 
Streptomyces griseus protease (Sigma Chemical Co., St. Louis, MO. U.SA) at 22" 
C for one hour shows that the antifreeze activity is associated with a protein. 
Example 6: Recrystallizatlon inhibition by extracellular proteins 

One role of AFPs in freezing-tolerant plants and organisms is to prevent the 
recrystallizatlon of ice (11-10). Although ice may initially fomi as small crystals, these * 
crystals can amalgamate into larger ice crystals over time and cause mechanical 
damage to the tissue in the absence of AFPs. Recrystallizatlon was assayed by the 
"splat assay" where a small volume of an extracellular extract was dropped onto a 
surface at -20°C to fonn a thin layer of small ice crystals. The splat was then 
annealed at -8°C for 6 hours. The size of the ice crystals in extracellular extracts of 
this invention and in distilled water were compared after annealing using a light 
microscope and polarized light to detemiine whether the extracts were able to inhibit 
the recrystallizatlon observed in water (Figure 13). The crystals present in ail 
dilutions of the extracellular extracts were still significantly smaller than the crystals 
observed in water after annealing. Thus the extracellular extracts exhibited 
significant recrystallizatlon inhibition at a dilution of 1: 10.000. which represents a 
concentration of approximately 28 jig of protein per litre. 

Exanjple 7: Fractionation of proteins in extracellular extracts 

Extracellular extracts were concentrated five-fold, exchanged into 50 mM 
NH4HCO3 by ultrafiltration (Centriprep-10. Amicon Canada Ltd., Oakville. ON, 
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Canada) and applied to a Sephacryl 200 (Phamiacia LKB Biotechnology, Uppsala, 
Sweden) column (0.5 x 32 cm) in 50 mM NH4HCO3. The eluate was monitored for 
UV absorbance at 280 nm (O - O) and 230 nm (v -v). Protein standards were 
eluted separately to estimate protein size. Ferritin, 440 kD, eluted at 9.5 ml; 
5 aldolase, 158 kD. eluted at 1 1 .5 ml: bovine serum albumin, 67 kD, eluted at 13.5 ml: 
and trypsinogen, 24 kD, eluted at 16.5 ml. As shown In Figure 7, four peaks were 
observed with apparent molecular masses of 305 kD (peak 1), 5 kD (peak 2), 2 kD 
(peak 3) and < 1 kD (peak 4). Only fractions associated with peak 2 formed 
hexagonal and bipyramidal ice crystals upon testing firaction antifreeze properties. 

1 0 The polypeptides associated with column fractions of each peak at 280 nm as 

shown in Figure 7 were evaluated by SDS-PAGE (13.5% acrylamide, silver-stained 
gel shown in Figure 9). Lane 1 contains prestained molecular mass standards; lane 
2 contains crude extracellular extract; lane 3 contains polypeptides eluted at eluted 
at 8 ml (peak 1); lane 4 contains polypeptides eluted 18 ml (shoulder of peak 2); lane 

1 5 5 contains polypeptides eluted at 22 ml (peak 2); lane 6 contains polypeptides eluted 
at 26 ml (shoulder of peak 2); lane 7 contains polypeptides eluted at 31 ml (peak 3); 
and lane 8 contains polypeptides eluted at 35 ml (peak 4). Column fractions 
obtained from peak 2 (Figure 7) which exhibited antifireeze activity contain several 
major polypeptides ranging in size from 5 to 36 kD (Rg. 9, lane 4, and Tables I and 

20 II). 

Example 8: ice nucleation activity of fractionated extracellular polypeptides 

When proteins are eluted off the Sephacryl column, low ice nucleation activity 
is detected in peak 1 and peak 4, of Figure 7, with higher levels of activity obsen/ed 
in peak 3. SDS-PAGE separated out two polypeptides at molecular weights of about 
25 60 and 68 kD. The ice nucleating protein can be one or a combination of Uiese two 
polypeptides. These two polypeptides are distinct from the 77 and 73 kD 
polypeptides shown in Figures 2, 3 and 4 because the 60 and 68 kD polypeptides 
stain blue with Coomassie blue. 

Example 9: Thermal hysteresis of fractionated extracellular polypeptides 

30 AFPs lower the freezing temperature of a solution noncolligatively by binding to 

ice crystals and inhibiting crystal growth, but the proteins alter the melting 
temperature of tiie solution only by colligative effects (11-5). This thermal hysteresis 
(the difference between freezing and melting temperatures) is determined by 
observing the effect of temperature on the growth of a single ice crystal. Melting 

27 



wo 99/06565 

PCT/CA98/00745 

occurs when faces of the ice crystal become round; freezing occurs when the ice 
crystal elongates along its c-axis (11-5). 

In order to demonstrate thermal hysteresis, we pooled column fractions 
exhibiting both absorbance at 280 nm and antifreeze activity (peak 2). which were 
lyophilized and resolubilized in distilled water, for the detemiination of themial 
hysteresis. At this higher protein concentration, ice crystal growth was inhibited 
- along the a-axis (Figs. 8B to 80). Furthemiore. the ice crystals spiked along the c- 
axis (Fig. 8D) at an average freezing temperature of -1 .lOX for five ice crystals. 
The average melting temperature was -0.78oc, and so the themial hysteresis was 
calculated to be 0.33 V O.OSoc (mean V S.D.. n = 5). Thus, winter rye leaves 
produce AFP(s) that has(have) the abilrty to modify the nomial growth pattern of ice ' ' 
and to depress the freezing temperature of a solution noncolligatively. The thermal 
hysteresis exhibited by the winter rye AFP(s) is smaller than that observed for other 
AFPs found in polar fish (approximately 0,6»C. 11-7) or in insects (5»C. 11-7 11-8) This 
may be due to the fact that the AFPs from winter rye are not completely purified or to 
a difference in structure and function. 

Example 10: Antifreeze activity of at least 11 of the extracellular polypeptides 

Extracellular polypeptides were extracted from winter rye leaves using 20 mM 
CaCI^ and 10 mM ascorbate and were separated by SDS-polyacrylamlde gel 
electrophoresis using a Tris-tricine buffer system with no reducing agent (no 
dithiothreitol) and large (16 x 18 x 0. 15 cm) 12 % acrylamide gels. The polypeptides 
were visualized in the gels after a 10 min incubation in ice-cold 0.25 M KCI After 
washing the gel in distilled H,0. the bands were cut and eluted from the gel in 0 m 
SDS and 50 mM Tris-HCI. The polypeptides were precipitated from the elutlon buffer 
.n 80% acetone at -20oc. pelleted and air-dried. The polypeptides were then 
redissolved in 0.1 M NH,HCO, and assayed individually for antifreeze activity by 
observing changes in Ice crystal morphology. As shown in Rgure 10. 8 polypeptides 
ranging from 1 1 1 to 161 kD in molecular mass, altered the normal pattern of ice 
crystal growth so that hexagonal ice crystals were fomied. The 93 kD polypeptide 
actually represents a group of polypeptides that exhibit antifreeze activity and are in 
the size range of 93 to 99 kD In the Tris-tricine gel system. These polypeptides are 
distinguished by the fact that they stain a reddish-purple color with Coomassie 
brilliant blue. In the eariier experiment, polypeptides were separated using a Tris- 
glycine buffer system and either 12.50/0 gels or gradient gels, and so the sizes of the 
polypeptides are somewhat different in this system compared with those of the 
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earlier gels. 

Example 11: Amino acid analyses of AFPs 

Amino acid analysis of the polypeptides with antifreeze activity shows that they 
are relatively enriched in glycine, asparagine or aspartate, alanine, glutamine or 
glutamate and serine (see Table 111 for all of the polypeptides) but do not contain 
hexosamines (within the limits of detection by amino acid analysis after 4 h 
hydrolysis of 15 picomoles of each polypeptide). None of the polypeptides exhibits 
the high alanine content characteristic of antifreeze glycoproteins and type i AFPs 
(11-10). Instead, the rye polypeptides exhibit high hydrophilic amino acid contents, as 
observed in sea raven and ocean pout (tl-4), and also contain the high glycine 
content observed in some insect AFPs (ll-17,Table III). 

Example 12: Identification of ciiitinase-like proteins in extracellular extracts by 
immunoblotting 

Extracellular polypeptides were separated by SDS-PAGE and electroblotted 
onto nitrocellulose. The blots were probed with primary antibodies to chitinase 
obtained from Dr. Michel Legrand, Laboratoire de Virologie. Institut de Blologie 
Moleculaire et Celluiaire de la Recherche Scientifique, 15, rue Descartes, 67000 
Strasbourg, France (1-10.1). The blots were probed with a secondary antibody (anti- 
rabbit IgG conjugated with alkaline phosphatase) for visualization. The results show 
that two extracellular polypeptides, 27 and 32 kD, have an epitope similar to that of 
chitinase (Figure 11). The 27 kD polypeptide is expressed at higher levels in cold- 
acclimated leaves than in nonacciimated leaves, whereas the 32 kD polypeptide is 
induced by low temperature. A second immunoblot is presented as Figure 12. The 
lanes in this blot represent extracellular polypeptides from winter rye plants grown at 
5^*0 for 2. 5, 6. 7, 8, and 9 weeks, which were probed with the antibody to chitinase. 
The 27 kD chitinase is not apparent in leaves of 2-week-old plants, but accumulates 
during the entire 9 week period. The 32 kD chitinase only becomes apparent after 
the plants have grown at 5 C for 7 weeks. At 9 weeks, both chitinase polypeptides 
appear as doublets (32 and 31 kD, 27 and 26 kD). 

Example 13: Role of extracellular polypeptides in freezing tolerance in rye. 

Winter rye leaves that had been cold-acclimated at 5°C with an 8 hour 
daylength were extracted with 20 mM CaCIs and 10 mM ascorbic acid to reduce the 
protein concentration present in the apoplast. Nonacciimated leaves, cold- 
acclimated leaves and cold-acclimated leaves that had been extracted were cut into 
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2.5 cm lengths and rinsed well with distilled water. For each of the three treatments, 
leaf pieces were placed in each of 50 tubes containing 4 mLs HPLC-grade water. 
The tubes were positioned in a freezing bath, and the temperature was lowered at 
1»C Intervals every 22 min. At each temperature, the samples that had frozen were 
removed and placed on ice to thaw slowly. The samples were then brought to room 
temperature and the conductivity of the samples was measured. The samples were 
boiled to release all internal Ions, cooled to room temperature, and the conductivity 
of the solution was measured again. The results are shown in Figure 14. Extraction 
of the extracellular proteins caused lethal freezing injury to occur at -11 C in cold- 
acclimated leaves. If not extracted, cold-acclimated leaves nonnally survive 
temperatures as low as -30°C when ice is nucleated at -1<»C. Even when the 
unextracted cold-acclimated leaves are allowed to freeze spontaneously, they are 
not killed at temperatures above -13«>C. Thus the presence of extracellular proteins 
does decrease the level of injury caused by freezing. 

Example 14: N-Termlnal amino acid sequence analysis of AFPs, Identification 
of AFPs as similar to pathogenesis-reiated proteins 

Partial amino acid sequences for three of the seven major polypeptides shown 
in lane 4 of Figure 9 were detennlned. The first 20 amino acids of the N-terminus of 
the 9 kD polypeptide that exhibits antifreeze activity have been sequenced: 

NHrALA-ILE-PHE-CYS-GLY-GLN-VAL-ASN-PRO-ALA-LEU-GLY- 
PRO-PRO-ILE-TYR-PRO-ALA-PHE-GLY-. 
The' first 16 amino acids of the 11 kD polypeptide are: 

NHj-ARG-SER-PHE-SER-ILE-THR-ASN-ARG-CYS-TRP-SER-PHE- 
THR-VAL-PRO-GLY- 

The first 11 amino acids exhibit 55% homology with a kinase-related transfonning 
protein (listed In the Protein Infomiation Resource under the file names MUSHCK 
and TVMSHC). 

The first 30 residues of the N-terminal sequence for the 30 kD protein are as follows: 
NH2-ILE-GLY-VAL-CYS-TYR-GLY-VAL-ILE-GLY-ASN-ASN-LEU- 
PRO-SER-ARG-SER-ASP-VAL-VAL-GLN-LEU-TYR-ARG-SER-GLY- 
X-ILE-ASN-X-MET- wherein X indicates an unknown amino add residue. 
This sequence was checked for homology with protein sequences listed in 

30 



wo 99/06565 PCT/CA98/00745 

the National Cancer Institute's Supercomputer databanks. This sequence has 63% 
homology with the glucan endo-1,3-beta-glucosidase (EC 3.2.1.39) previously 
purified from barley. The 30 kD band sometimes appears as a 31 to 33 kD band 
thought to be an endoglucanase precursor. These results show that one of the 
5 processes induced by cold acclimation is the ability to modify cell walls. Increased 
cell wall flexibility may be important when cells shrink and then swell during a freeze- 
thaw cycle. The glucanase activity may also inhibit the growth of fungal hyphae and 
provide resistance to low-temperature diseases. 

Additional amino acid sequences were obtained for six extracellular 
10 polypeptides that exhibit antifreeze activity. The polypeptides were separated by 
SDS-PAGE using Tris-tricine buffers, eluted from the gels, assayed for antifreeze 
activity, as shown in Figure 10, and then used for sequence analysis. The N-tenninal 
sequences are as follows: 

11 kD polypeptide: 

15 NH2 - ALA - ILE - SER - X - GLY - GLU - GLN - VAL - ASN - 

SER - ALA - LEU - [GLY]- PRO - X - ILE - [SER] - TYR - 

ALA-[ARG]-[GLY]. 

A FASTA search of the Protein Information Resource revealed that this 
sequence has 80% identity in the 20 amino acid overlap area with a lipid transfer 
20 protein from barley with a molecular mass of 9 kD (11-14.2). This 1 1 kD polypeptide 
from Figure 10 corresponds to the 9 kD polypeptide in Figure 9 that was sequenced 
above. As noted above, this divergence in molecular mass is due to the variability in 
the gel electrophoresis. 

15 kD polypeptide: 

25 NH2 . ARG - SER - PHE - SER - ILE - THR - ASN - ARG - X - 

ALA-PHE-THR-VAL-X-PRO-ALA-ALA-THR-PRO- 
VAL- GLY - GLY - GLY - GLY - GLN 

A FASTA search of the Protein Infomiation Resource of the National 
Biomedical Research Foundation revealed that this sequence has 75% identity in a 
30 24 amino acid overlap with the reported sequence for a thaumatin-like protein from 
Oryza sativa. This 15 kD polypeptide from Figure 10 may conrespond to the 11 kD 
polypeptide from Figure 9 sequenced above. 
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25 kD polypeptide: 

NHj - ALA - THR - ILE - THR - VAL - VAL - ASN - (LYS] - 
PHE-SER-TYR-THR-VAL-X-PRO-GLY-ALA-LEU- 

PRO-PHE-GLY-GLY-VAL-GLY-LEU-GLY-PRO-GLY 
-GLN- 

A FASTA search revealed that this sequence has 79% identity in a 29 amino 
acd overlap with thaumatin homolog protein 1 from barley. It also has 77% 
homology in a 22 amino acid overlap with avematin isolated from oat and 82% 
Identity in a 22 amino add overlap with trimatin isolated from wheat. Thaumatin-like 
proteins have been shown to exhibit a number of activities, including alpha-amylase ' 
protease and membrane permeabilizing activities (II - 8.2). 

31 kD polypeptide in Figure 10 which corresponds to the 30 kD polypeptide in 
Figure 9 for which a longer amino acid sequence is described above: 

NHj - ILE - GLY - VAL - X - TYR - GLY - VAL - ILE 

32 kD polypeptide: 

NH^-ILE-GLY-VAL-X-TYR-GLY-VAL-ILE-GLY- 
ASN - ASN - LEU - PRO - [SER] - ARG - [SER] - ASP - VAL - 
VAL-GLU 

33 kD polypeptide: 

NHa-ILE-GLY-VAL-X-TYR-GLY-VAL-ILE-GLY- 
ASN - ASN - LEU - PRO - SER 

All of the three sequences listed above exhibit significant homology to glucan endo- 
1,3- -glucosidase (EC 3.2.1.39). 

33 kD polypeptide: 

NH,-GLU-GLN-X-GLY-SER-GLN-ALA-GLY.GLY- 
AU\ - THR - X - PRO ASN - ASN - LEU - LEU - 

A FASTA search revealed that this sequence has 81 % identity in a 16 amino acid 
overlap witii hevein from the para rubber tree. The sequence also has 88% identity 
.n a 16 ammo acid overlap with endochitinase (EC 3.2.1.14) isolated from rice and 
tobacco, as well as 92% identity in a 14 amino acid overlap wrth agglutinin from 



32 



wo 99/06565 



PCT/CA98/00745 



wheat also known as isolectin 1 1 . 

Proteins such as thaumatin-like proteins (TLPs), glucanases and chltinases are 
known as pathogenesis-related proteins because they are accumulated by plants 
that have been infested with a pathogen. We have now shown that thaumatin-like 

5 proteins (TLPs), glucanase-like proteins (GLPs) and chitinase-like proteins (CLPs) 
accumulate during cold-acclimation of freezing-tolerant plants and exhibit antifreeze 
activity. Other than our own work, there are no reports in the scientific literature 
showing that pathogenesis-related proteins can be induced by low temperature, no 
reports indicating that cold-induced pathogenesis-related proteins exhibit antifreeze 

10 activity, and no reports indicating that cold-induced proteins or products of cold- 
induced genes exhibit antifreeze activity. 

Example 15: Glucanase and chitinase activities in extracellular extracts 

Extracellular extracts of winter rye leaves were obtained using an extraction 
solution of 20 mM calcium chloride and 10 mM ascorbic acid, pH 3.5. Beta-1 . 3- 

15 glucanase activity was measured in extracellular extracts using the dinitrosalicyiic 
reagent to assay the release of glucose equivalents from laminarin (l!-1 .0). In our 
experiments, the glucanase assay was optimal under the following conditions: pH 
3.5, 1% laminarin, presence of CaClj (as opposed to MgClj or MnCy, 5°C. and 
measuring absoriDance of 470 nm. In crude extracellular extracts, the beta-1 .3- 

20 glucanase activity was approximately 312 mg glucose equivalents per mg total 
protein per hour. The extract did not exhibit beta-1 ,4-glucanase activity when 
carboxymethyiceliulose was used as a substrate. 

In crude extracellular extracts, the endochitinase activity (1-10.1) was 115 nmol 
glucosamine released per gram fresh weight per hour, and the exochitinase activity 
25 was 9 nmol glucosamine released per gram fresh weight per hour in winter rye 
plants grown at 5°C with a short day. Rye plants grown at 20°C exhibited an 
endochitinase activity of 34 nmol glucosamine released per gram fresh weight per 
hour and an exochitinase activity of less than 3 nmol glucosamine released per gram 
fresh weight per hour. 

30 Example 16: Characterization of ice nucleation activity in cell suspensions 

Suspensions of single mesophyll cells were obtained from 20°C and 5°C winter 
rye leaves by pectolytic degradation of the leaf tissue and purification using density 
gradients. In order to quantify the number of ice nucleators present in winter rye, 
dilution series of the single cell suspensions were assayed for ice nucleation activity 
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using the droplet technique. The mean threshold ice nucleation temperature for 
mesophyll cells isolated from 20«C and from 5»C leaves was not significantly 
different and averaged -7.3°C (Tables IV and V). 

The composition of the ice nucleators from leaves of plants grown under 
different conditions was detemiined by incubating single cells in the presence of 
compounds and enzymes known to affect proteins, sulfhydryl groups and disulfide 
bonds associated with proteins, carbohydrates and phospholipids (Table IV) 
Treating cells with 3 M urea and heating to 90»C denatures proteins and dramatically 
decreased ice nucleation activity. Nonspecific proteases (Pranase E and Proteinase 
K) also decreased ice nucleation activfty. Thus the ice nucleators associated with 
winter rye mesophyll cells have a proteinaceous component. Reduction of disulfide ' ■ 
bonds with dithiothreitol and reaction of free sulfhydryl groups with N-ethylmaleimide 
also decreased ice nucleation activity, which shows that the structure of the protein 
.s important in producing ice nucleation activity. Boric acid and periodic acid both 
react wrth carbohydrates and both compounds reduced ice nucleation activity, thus 
demonstrating that the ice nucleators also contain a carbohydrate component 
Finally, treatment with phospholipase C. which releases the phosphate and head 
group of phospholipids, also decreased ice nucleation activity. Taken, together 
these results show that ice nucleators associated with winter rye mesophyll cells 
have protein, carbohydrate and phospholipid components. While the ice nucleation 
actMty of the isolated polypeptides occurs in the intercellular spaces of the plant 
tissue, it appears from the ceil suspension experiments that the ice nucleation 
proteins may be bound to the cell wall and released by reagents that reduce disulfide 
bonds. 

Example 17: Antibodies to the polypeptides with antifreeze activity 

Polyclonal and monoclonal antibodies were prepared for polypeptides present 
in extracellular extracts fi-om coid-haidened winter rye leaves. Individual 
polypeptides separated by SDS-PAGE and electroeluted from gels (using Bio-Rad 
Prep Cell) were used as antigens. The antibodies are purified and used for 
immunopurification of the polypeptides in order to determine the ice nucleation 
antifreeze and glucanase or chitinase activities of each. Furthem^ore, the antibodies 
are used for immunoassays of the polypeptides. The procedures for antibody 
production and purification, immunopurification of antigens, and immunoassays are 
described in detail by Hariow and Lane (11-8.1). The detection and quantification of 
these polypeptides can be used in selection programs designed to decrease plant 
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injury and yield losses caused by freezing temperatures. Previous selection 
' programs have relied on winter survival to increase frost tolerance in ovenwintering 
crops and have been unsuccessful. Because of their sensitivity, the immunoassays 
provide a nondestoictive means for selecting plants that have high concentrations of 
5 polypeptides associated with either freezing avoidance (presence of AFP and 
absence of ice nucleators) or freezing tolerance (presence of ice nucleation, 
antifreeze and glucanase proteins). Antibodies are also used to identify and isolate 
antifreeze proteins from other plants. Furthermore, these antibodies may be bound 
to the AFP(s) to enhance their antifreeze activity. 

10 Example 18: Antifreeze activity in crude extracts and different plant organs 

Cold-acdimated winter rye plants were separated Into leaves, crowns and 
roots. These parts of the plants were placed in plastic bags, frozen in liquid nitrogen 
and allowed to thaw at room temperature. The plant tissues were then squeezed, 
filtered and centriftiged treated to obtain soluble fractions. These fractions were 
1 5 assayed for their ability to modify ice crystal growth. The soluble fractions of leaves, 
crowns and roots all exhibited the formation of hexagonal bipyrimids in the assay for 
antifreeze activity. These results demonstrate that antifreeze activity can be found in 
crude plant extracts and that the activity is present in all parts of the vegetative plant. 

Example 19: Different species and cultivars having antifreeze activity 

20 Sixteen different species or cultivars including both monocots and dicots (see 

Table IV) were grown at 5/2^C (day/night temperature) with a 16 hour daylength. 
Leaves from all sixteen plants were extracted by vacuum infiltration followed by 
centrifugation using a solution of 20 mM MgC^ and 10 mM ascorbic acid. pH 3.5. All 
sixteen intercellular extracts exhibited the ability to modify the nomnal pattem of ice 

25 crystal growth, although this ability varied between cultivars and species. Of the 
plants tested, winter rye (Seca/e cereals cv. Musketeer), periwinkle (Vinca minor), 
winter wheat (Triticum aestivum cv. Karat and Ruby) and winter barley (Hordeum 
vulgare cv. Acton) extracts exhibited the greatest effect on ice crystal growth with the 
formation of hexagonal bipyrimids, whereas winter canola (Brassica napus cv. 

30 Ceres) extract exhibited the least effect with only the formation of hexagonal discs. 



As demonstrated by the further characterization of the polypeptides, at least 1 1 
polypeptides are synthesized at low non-freezing temperatures, namely those of lane 
4 of Figure 9 and Figure 10 ranging in molecular weight from 5 kD to 36 kD and the 
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additional polypeptides of 60. 68 kD. 93 to 99 kD and 16 kD. We have detennined 
that S.X of the polypeptides, two glucanases. two chitinases and two thaumatin-IIke 
prote.ns. have an unexpected antifreeze property. Also these polypeptides along 
wth the other polypeptides of this invention exhibit recrystalfeation inhibition activity 
at very low concentrations. 

It is important to note the results of Figure 3 where a time course examines 
changes in intercellular proteins of rye leaves during cold acclimation. A correlation 
exists between the degree of frost hardiness and the increased appearance of the 
extracellular polypeptides. The intensity of the extracellular polypeptides reaches a 
maximum at 78 days, which corresponds to the hardiest stage of rye plants cold 
acclimated with a daylength of 8 hours. Most of the extracellular polypeptides 
decrease in intensity while others were no longer detected at 102 days after 
germination. This result shows the loss of freezing tolerance when plants are 
vernalized. Ice nucleation activity is also indicated in Table V at levels as high as 
-7»C. This is believed to be the first report of ice nuclei of proteinaous nature in 
higher plants. It is also likely that several ice nucleating molecules are required in the 
assembly of a template upon which an ice crystal can grow. It Is understood that the 
.ce nucleating proteins are important in the extracellular spaces for the development, 
of freezing tolerance in coW-acclimated leaves. 

The polypeptides as isolated and characterized in accordance with this 
invention establish that plants withstand frost by the combined efforts of ice 
nucleation and ice crystal modification by virtue of antifreeze mechanism. These 
same extracellular proteins have antifungal activities and provide nonspecific 
resistance against low temperature pathogens such as fungi and bacteria It has 
been demonstrated that cold-acclimated winter rye leaves are not injured by ice 
fom^ation even when the leaves are first undercooled to temperatures as low as - 
120C. whereas nonacclimated winter rye leaves exhibit injury whenever ice fom,s In 
accordance with this invention, ice formation in the extracellular spaces indicates that 
.t .s not the presence of AFPs alone that determines the lowest limrt of cell survival at 
freezing temperatures. As temperatures decrease intracellular water Is lost to the 
growing extracellular ice masses and the cells themselves become dehydrated The 
lowest temperature which frost tolerant plants survive is correlated with desiccation 
tolerance of the cells (11-16. 11-18). 

Conventional breeding programs have failed to improve freezing resistance in 
crop plants because specific physiological markers are not yet available (11-2). The 
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discovery of ice nucleation and AFPs intrinsically produced by a freezing-tolerant 
plant as demonstrated by this invention represents an important breakthrough in 
agriculture for two reasons. First of all. the ice nucleation and AFPs are the first 
polypeptides demonstrated to be directly involved in influencing the process of ice 
formation in plants. Antifreeze and ice nucleation polypeptides may prove useful as 
selection markers for increasing survival in ovenwintering crops. Secondly, further 
isolation and characterization of the ice nucleation and AFPs will be useful for 
producing transgenic plants with increased survival and productivity. In the future, it 
will be possible to raise crops successfully in regions or in seasons where crop 
production is now limited by freezing temperatures. 

As already indicated the polypeptides are useful in production of frozen foods 
and cryogenic storage of biological tissues. Treatment of frozen foods with the 
polypeptides can ensure superior food quality upon thawing of the product. Also, with 
the manufacture of products such as ice cream as well as in the cryopreservation of 
biological tissues it is desirable to have a minute crystalline structure. The use of the 
AFPs in limiting crystalline size and in preventing recrystallization are very useful in 
providing a superior product and reducing storage costs. The amount of 
polypeptides used in these biological matter and food compositions is minimal, as 
demonstrated in the examples. For example, an effective amount of the polypeptide 
may be as little as 25 ^g of the polypeptide per litre of water contained in the 
biological matter or food product 



ANTIFREEZE ACTIVITY IN COLD-ACCLIMATED HERBACEOUS PLANTS 
Example 20: Antifreeze activity in various plants 

Winter rye (Seca/e cereale L. cv. Voima), spring rye (S. cereale L. cv. Jo 02), winter 
wheat {Triticum aestivum L. cv. Ruby), spring wheat (T. aestivum L cv. Katepwa), 
and winter bariey {Hordeum vulgare L. cv. Huron) were planted in coarse vermiculite, 
grown at 20/1 S'^G (day/night) with a 16-hour daylength, and watered weekly with 
modified Hoagland solution (111-34). After 7 days, plants were harvested to provide 
nonacciimated tissue or transferred to low temperature (5/2''C) with an 8-hour 
daylength for 7 weeks of cold acclimation. Spring oats {Avena sativa L. cv. Ogle), 
winter canola {Brassica napus cv. Ceres), kale (B. oleracea var. acephala cv. Dwarf 
Blue Curied) and tobacco {Nicotiana tabacum L.) were planted in Pro-Mix and grown 
at 23^C with a daylength of 16 hours until they were large enough to provide 



37 



10 



15 



20 



25 



30 



WO 99/06565 

PCr/CA98/00745 

assayad,cra«*«zeac«vi^,Rg. 15). AnW^aze ac«y «aa no, detected ,„ any 
'^^"^^^"-a'ed^amsaaon^tetoi^uiarteec^Mo^edinme 
«tra««u,arext«a,(Rg.15). After co« acctmata. the teaves of all aon„„ , . 
winter c««. .0^ ^ ^ ^ J - ^Pnn^^^^^ 

™^n,e,w,«er^a,w^.erbartey.^rt„g^e,spH„gwhea.and3p„Cr ■ 
the leav« of all ft,e=nsHole,am monocotyledons examined in this expenmem 
wntar barley, spmg ,ye, sprtng wheat) that we™ examined (Rg. 15, Tab. 1). 

Low levels of antifreeze adMty we™ also delected in extracellular ex.™* r 

m 1 ) ateo obsen«d a high le»e, of thema hysteresis k, the total exp™s,«, sap 0, 
kaleleaves,whereasweexaminedo,^.x,„ce>*r«d,acts ltislsr»r 
=o.eoftl.an*ezeact^i„^eou«h.««e,.ar. JL^l 
AFP w s ^ent^ i„ .he ^ of winter «o»der ,11|.,5,, ^ « , 

w an.*^.e activity «, obse^ed in Kale may be elated to the dev^opmenL 
.age or to environmental c^«on,. Un^i, et al. „bse„ad thZr 
y^^re^s actn,«y other member, of me Cnidferaa, includ.g Bress^ Lea ■ 
^Pec.- such as cabbage and Bn«sers sprout only ^r . months Jf ^ 
acci -atonatS-C. "-"over, , has be«, shown .hat a,ss^ „ap<,s aC^ s 
greater freezing .olera^e ot^y after exposu« to mW events (lll-27Tand so 

.«PCSs,l.ethatexposu.tol,ht,rostsmaybete,ui™dJu,erZ^^^^^^ 



Ta le. Freezing tolerance (LT50) of 12 herbaceous plants fo«cwing cold 

3= n":lT "'""""'^ ^™"^^<-C)wered4rmi„edby 
3- conduc.„,.y and are U,e means . SE 0, leaves from p,an.s oUa^ed from 3. J 
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three separate cold acclimation treatments. 



Monocotyledons 


LT50 (°C) 


Dicotyledons 


LT50 ("C) 


Winter rye 


-27.0 V1.0 


Spinacli 


-17.3 VI .3 


Winter wheat 


-19.5 V1.7 


Winter canola 


-16.0 VI. 2 


Spring wlieat 


-15.0 V0.6 


Kale 


-14.7 V0.7 


Winter barley 


-14.7 V1. 3 


Spring canola 


-14.0 VO.O 


Spring rye 


-14.0 Vi .6 


Tobacco 


>1 


Spring oats 


-10.3 V0.5 






Maize 


>-2 







V -- i 

Example 21: Accumulation of extracellular proteins among various plants 

We quantified the accumulation of extracellular proteins in various plants at 
15 low temperature. Cereal leaves were cut into 3-cm sections for extracellular protein 
extraction, which was perfomned according to Hon et al. (111-22). Broad leaves were 
cut into pieces of equal size (3 cm x 1 cm) and treated in a similar manner as those 
of cereals. Extracellular proteins were extracted in 20 mM ascorbic acid and 20 mM 
calcium chloride (pH 3) for 30 min by vacuum infiltration followed by centrifugation. 
20 Protein concentrations were determined in three independent replicates using the 
Bradford (1976) protein assay, as modified by Bio-Rad Laboratories Ltd., 
Mississauga, ON, Canada, with BSA as standard. The results of these experiments 
showed that the accumulation of protein in the apoptast at low temperatures occurs 
commonly in monocots (Fig. 16). Small amounts of extracellular protein also 
25 accumulated in freezing-tolerant dicotyledonous plants (Fig. 16). 

Example 22: Immunodetection of AFPs in various cold-acclimated plants 

The extracellular proteins that accumulated during cold acclimation were 
concentrated and examined by SDS-PAGE. For immunodetection of AFPs, antisera 
that were previously raised against three classes of Musketeer rye AFPs (III-2) were 
30 used to probe blots of extracellular polypeptides. These three antisera have been 
shown to react specifically with the 35 and 32 kD GLPs, the 35 and 28 kD CLPs, and 



39 



wo 99/06565 

PCT/CA98/00745 

the 25 and 16 kD TLPs. respectively. These polypeptides all exhibit antifreeze 
activrty in extracellular extracts from cold-acclimated Musketeer rye leaves (111-2). 

Equal amounts of extracted extracellular proteins were separated in ^5% 
SDS polyacrylamide gels according to Laemmli (1970). Dilute extracts were 
concentrated by ultrafiltration and the polypeptides were electrophoresed and 
stained either with Coomassie brilliant blue or silver stain (Bio-Rad) For 
.mmunoblotting. proteins were transferred onto 0.45- m nitrocellulose membranes 
(Bio-Rad) using the Mini Trans-Blot cell (Bio-Rad) according to manufacturer's 
.nstmctions. The blots were blocked in a buffer of 25 mM Tris-HCI (pH 7.6). 140 mM 
NaCI. 0.01 % m Tween.20 and 5% (w/v) skim milk powder. Antisera against the 

v^nterryeGLPandTLPwereusedina1:l0000di.ution.andantiserumagainstthe ' 
winter rye CLP was diluted 1:1000 for overnight incubation as described by 
Antikainen et al. (1996). The immunoreaction was detected by alkaline 
phosphatase-conjugated goat anti-rabbit IgG (Sigma Chemical Co.. St Louis MO 
USA) With 5-bromo-4-chloro-3-indolylphosphate-toluidine salt (BCIP; Sigma) and ' 
nftro blue tetrazolium (NBT; Sigma) as substrates. Extracellular proteins from winter 
rye cv. Musketeerwere separated and transferred as positive controls on all 
.mmunoblots. The blots were allowed to develop as long as the positive controls 
remained visible against the background. 

All three classes of AFPs (GLPs. CLPs, and TLPs) were detected 
■mmunologically in extracellular extracts from Musketeer winter rye. Voima winter 
ore. spring rye. winter wheat, spring wheat and winter barley, but not from oats (Figs 
17. 18). These AFPs are found in all members of the Triticum group of the Poaceae 
that have been examined (III-6). In dicotyledons, the anti-TLP antisemm was the 
only one that detected an extracellular polypeptide (molecular mass of 25 kD) in 
cold-acclimated spinach (Fig. 19D). There is a possibilrty that antisera raised against 
winter rye polypeptides would not cross-react with dicotyledon polypeptides. 

The distribution of the cold-specific wheat protein WCS120 is similar but not 
.dentical to the distribution of cold-induced AFPs (111-24). WCS120 is found in winter 
Wheat, winter rye and winter bariey. but it was not detected in oats or in freezlng- 
sensrtive maize and rice or in freezing-tolerant dicotyledons such as winter canola 
(111-24). 

Example 23: Role of extracellular sugars in modifying the growth of 
intercellular ice 

Plants may also use secreted sugars for modifying the growth of intercellular 
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ice. We assayed sugar concentrations in extracellular extracts of all nonacclimated 
and fully cold-acclimated plants (Fig. 20) using the anthrone assay. The extracellular 
extracts were subjected to hydrolysis in concentrated sulfuric acid, so that the assay 
probably measured both monosaccharides present in the extracts and 

5 monosaccharides released by hydrolysis from polysaccharides and glycosylated 
proteins. By using a t-test at the 5% level of significance, we found that the 
extracellular sugars increased significantly after cold acclimation in winter rye, spring 
oats, winter barley and winter wheat (Fig. 20A). Smaller changes in extracellular 
sugars were observed In spring wheat or spring rye. In maize, the cold-Induced 

10 increase in the extracellular sugar level was not statistically significant. Our results 
demonstrate that sugars generally accumulate in the apoplast of the same plants 
that also accumulate AFPs (Figs 16. 17. 18 and 20). These results show that 
extracellular sugar accumulation does not substitute for AFPs in modifying ice 
formation. Instead, it is more likely that these sugars enhance antifreeze activity in 

15 cold-acdimated plant tissues. The accumulation of extracellular sugars during cold 
acclimation in winter rye has been obsen/ed previously (111-37. 111-38, 111-39), but the 
sugars in the earlier studies were larger polysaccharides identified as arabinoxylans 
(111-29). 

It is useful to add sugar to antifreeze protein in order to decrease the amount 
20 of antifreeze protein needed to be effective or to enhance or complement the activity 
of antifreeze proteins. A composition including one or more types of sugar and one 
or more types of antifreeze proteins is useful for the same purposes as one or more 
antifreeze proteins alone. Suitable sugars include fructose, glucose, sucrose or 
fructans (fructose polymers). For example, fnjctose and other sugars may be added 
25 to ice cream before, at the same, or after one or more types of antifreeze proteins 
are added to the ice cream in order to increase antifreeze protein activity. 

Example 24: Purification of winter rye antifreeze proteins by heating 

The heat stability of winter rye AFPs was determined to simplify purification 
procedures. Winter rye and winter wheat leaves were grown at cold temperatures as 

30 described in Example 1 . Whole leaf extracts were obtained by homogenizing leaf 
and/or crown tissues in an aqueous buffer containing 20 mM ascorbic acid and 20 
mM CaCl2.or in a buffer containing 20 mM ammonium bicarbonate, and extracellular 
extracts were obtained as described In Example 1. Whole leaf and extracellular 
extracts were heated to either 60°C for 30 min or to 100°C for 10 min and the 

35 denatured proteins and particulate matter were removed by centrifugation. 
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Anareeze activity, measured as ice crysul modification, was p,«ent in the 
supernatant of whole leaf and extracellular extracts ranging In pH from 3 to 8 of 
wtnter wheat and winter rye both before and after heating. The heated extracts were 
examined by SDS-PAGE, which revealed mat the glucanas^iiKe and thaumaUn^ike 
prote,ns „e,B still soluble after heating (Hg. 26). This technique is useful with 
recombinant proteins as well to simplify pufflcaSon. TfVs technique « also useful 
wihth. other polypeptides orfmgments of polypeptMes described m this application. 

T»e invention lndud«, a me*od for separating antifreeze proteins from plant 
materials or recombinant «<pression systems comprising heating soluble extract, to 
temparatures of at least about m'C and then centnfuging or filtering me heated 
extracts to remove denatured pnsteins and insoluble materials . 

EXAMPLE 25: Isolation of cDNAs for ChWnase^lke AFPs 

The goal of this project was to isolate chHinase cDNAs and detemUne which 
ones encoded me chi.lnase.lke AFPs. Those sidlled in me art believed ma. Coring 
chitaases wim antlfi^ acUvlty would be dWcuit because plant genomes c»ntaln 
families of genes encoding chitinases. It was also mough. mat only a minor 
modification of a protein is ..quired in some cases to confer anWreeze ac«y. so ' 
m^ „wculd be dMcuitto distinguish a d,itinas. ..mou. anWeeze activity froma 

TZ^l^T'^^'^- "^^t- (1898. Biochemistry 

37.4080^085) showed mat changing Glu-Pro^ ,» Giu^^p t, a C^ypelel 

froi^fish confers antifrseze activity. «. were able to clone me chitinases wim 
anweeze activity by Isolating mRNA from rye plant, gr«.„ under con««, when 
only the chitinases wim antifreeze activity wouW be exp,Bss«i, i.e. at k>w 
temperatures in me absence of pamogens or omer ,t««es. The cokWnduced 
chitinase cDNAs were isolated and men sorted to detemtin. which cONAs encoded 
proteins with Ice-bindN, aWity. Those skilted In me « wai re=ogn« ma. mere a,B 
add,tK>nal memods .ha. can be used .o done me gene, encoding rye AFPs. 
2S Southern analysis of genomic DNA of winter rye 

southern blot analyst of genomic DNA was pertomted In o«ier to estimate 
the total number of chitinase genes present in me rye genome and mus provide an 
idea Of .he number of possible dones that would be isolated. Genomk= DNA was 
exfracted as described with modifications (IIM2). Lea,., and crown tissue were 
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collected from 8 day-old rye plants, frozen in liquid nitrogen and ground to a powder 
in a mortar and pestle. The tissue was added to 5 mL of 60°C extraction buffer (100 
mM Tris, 1 .4 M NaCI. 20 mM EDTA, pH 8.0, 2%(w/v) CTAB, 0.3% (v/v) 2- 
mercaptoethanol added before use) and 50 mg PVP were added. The solution was 

5 incubated at SO'C with shaking for 1 hr, cooled to room temperature, and extracted 
with 6 mL chloroform:octanol (24:1). After centrifugation at 3000 rpm for 20 min, the 
top layer was extracted again with 6 mL chlorofonn:octanol. The DNA was 
precipitated by adding 0.5 vol 5 M NaCI and 2 volumes of 95% EtOH and incubating 
for 30 min at 4°C and 10 min at -20°C. After centrifugation. the pellet was washed 

10 twice with 70% EtOH, dried and resuspended in TE buffer (10 mM Tris-HCI, pH 8.0, 
0.1 mM EDTA). DNA was treated with RNase A and proteinase K, then extracted 
with twice with phenol:chloroform:IAA (25:24:1), and precipitated with 0.1 volume 3 
M NaOAc, pH 5.2 and 2 volumes of 100% EtOH at -20°C. After centrifugation, the 
pellet was washed twice with 70% EtOH, dried and resuspended in 200 jiL TE. 

1 5 Total genomic DNA from 8-day-old ncnacclimated winter rye leaves and 

crowns was digested with Bam HI, Eco Rl, Hind III. Xba I or Xho i restriction 
enzymes. The fragments were separated by agarose gel electrophoresis and 
transfen-ed to a nylon membrane. A basic bariey chitinase cDNA, pHvcht2a, which 
Is known to be pathogen-inducibie, was used to identify chitinase genes. The 

20 membrane was hybridized to pHvcht2a at two different conditions of stringency : 30 
or 50% fonnamide with 6 X SSC at 42X, and washed to 0.2 X SSC and 0.1% SDS 
at 42°C. after which it was exposed to autoradiograph film (Fig. 38). At least three 
genes were present under high stringency (50% fomriamide) as three DNA fragments 
in each of the Eco Rl, Hind III and Xba I lanes hybridized with the pHvcht2a probe. 

25 There were two bands in the Bam HI lane under high stringency. Under lower 

stringency hybridization, two more genes were apparent, as indicated in the Eco Rl 
lanes with five bands present. Five DNA fragments hybridized to the probe, with 
three being very faint. Similariy, there appeared to be at least two extra bands in the 
Xba I and Hind III lanes. 

30 25.1 Screening of cDNA library fronn cold-acclimated winter rye leaves 

A basic bariey chitinase cDNA, pHvcht2a, which is known to be pathogen- 
inducibie, was used to screen the cold-acclimated rye leaf cDNA library. The 
sequence for pHvcht2a is a 1028 bp insert in the Eco Rl site of pBluescript SK+. 
Eco Rl was used to isolate the fragment for use as a probe. The size of the 
35 fragment used as a probe is 915 bp because the insert has an Eco Rl restriction site 
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near the 3" end of the cDNA. pHvcht2a encodes a chitinase that has the highly 
conserved chitinase catalytic domain but lacks the chitin-binding domain. Because 
barley is also a monocot and is very closely related to rye (III-6). it is conceivable that 
barley and rye chitinases may have very similar nucleotide sequences. 

Before screening the library, northern analysis was performed to detemiine 
whether pHvcht2a was suitable to screen the library and detect all of the rye 
Chitinases. Total RNA was isolated from nonacclimated and cold-acclimated rye 
leaves were separated by gel electrophoresis in a denaturing formaldehyde agarose 
gel and transferred to a nylon membrane. Themembrane was hybridized with 
pHvcht2a under high stringency conditions (50% formamide. 6 X SSC. 42»C) and 
•washed to 0.2 XSSC and 0.10/oSDS at 420C. The blot was exposed to 
autoradiograph film, which revealed mRNA that hybridized to the probe. Two 
different chitinase mRNAs were identified with sizes of 1.25 and 1.00 kb. Another 
transcript, about 3.7 kb in size, also hybridized to pHvcht2a but may be due to 
unspecific binding to the probe. The 1.25 and 1 .00 kb transcripts corresponded to 
the predicted transcript sizes for the 35 and 26 kD chitinase-like AFPs. respectively 
The probe pHvcht2a was used to screen the X Zap^DNA library made from poly A h- 
RNA isolated from cold-acdimated rye leaves to identify full-length chitinase cDNAs 
as described below. p 

Total RNA was extracted from tissues as previously described (111-33) with 
modifications. Plant tissue was ground in a mortar and pestle while frozen by liquid 
nitrogen. Z6 buffer (8 M guanidine hydrochloride. 20 mM MES pH 7.0. 20 mM 
EDTA) and 200 jtL 2-mercaptoethanol were added to the tissue, which was further 
homogenized while frozen. The slurry was mixed with 1 vol of phenol: chloroform- 
isoamyl alcohol (25:24:1) to extract the proteins. After centrifugation at 8000 xg for 
15 mm. the top aqueous layer was extracted again with 1 vol phenol: chlorofomr 
.soamyl alcohol, mixed with 1 vol of isopropanol and 0.1 vol 3 M NaOAc pH 5 2 and 
incubated at -2000 for 2 hrs to precipitate the RNA. The RNA was pelleted by ' 
centrifuging the solution at 8000 xg for 45 min. The pellet was washed 2 times with 
70% EtOH. dried and resuspended in DEPC-treated H,0. The RNA was predpitated 
using 8 M LiCI at -20°C. The RNA was pelleted by centrifuging at 8000 rpm for 45 
min and washed two times with 70o/o EtOH. The pellet was dried and resuspended 
>n DEPC-treated H,0. Poly A-k mRNA was isolated from total RNA using the 
PolyATtract mRNA Isolation system (Promega. Madison. Wl. USA). 

The poly A+ RNA was made into a cDNA library using the \ ZAP-cDNA 
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Gigapack Cloning Kit (Stratagene, La Jolla, CA, USA). The membranes were 
prehybridized in 50% formamide solution containing 6 X SSC, 0.5% (w/v) SDS, 50% 
(v/v) formamide, 5 X Deniiardt's solution (1 X Denhardt's solution is 0.02% (w/v) 
Ficoll, 0.02% (w/v) PVP, 0.02% (w/v) BSA) and 100 mg mL' sheared denatured 
salmon sperm DNA at 42°C for at least 3 hr. The blots were hybridized at 42°C 
overnight with the barley chitinase cDNA probe (pHvcht2a,1028 bp) provided by Dr. 
Tomas Bryngelsson (The Swedish University of Agricultural Sciences, SvalSv, 
Sweden) that was labelled with a ^^P-dCTP by random priming (111-13) to a specific 
activity of approximately 1 X 10Mo 2 X 10* cpm \xg'^ DNA. The hybridization solution 
was the same as that for the prehybrization except that salmon sperni was omitted 
from the solution and the freshly denatured labelled probe was added to a final 
concentration of 1 X 10® cpm mL\ Following incubation at 42*^0 overnight, the 
membranes were washed to various stringencies from 1 X SSC and 0.1% (v/v) SDS 
to 0.2 X SSC and 0.1 % SDS at 42''C for 30 min. Approximately 92,700 colonies 
were screened and 89 positive areas were identified. The phage from positive areas 
were recovered and pooled into 17 groups for a second round of screening. E. coH 
cells were reinfected with the pooled phage, replated, transfen-ed onto nitrocellulose 
membranes, and rescreened using pHvcht2a. Forty-eight putative clones were 
identified and reconstituted into pBluescript SK- plasmid from the phage by in vivo 
excision. These clones were denoted recombinant plasmids pCHT-1 to pCHT-48. 

25.2 Separating the putative clones into groups 

25.2.1 Pvu il restriction enzyme digestion and G-traclcing analysis 

Pvu II restriction enzyme digests were perfonmed on each of the reconstituted 
pBluescript plasmids to release the inserts and to detemnine the size of the insert. 
The pBluescript plasmid has two Pvu II cutting sites. 445 bp apart, which flank the 
multi-cloning site. Digestion with this enzyme releases the insert and adds 445 bp to 
the actual size of the insert. The plasmid size appears to be 2500 bp on an agarose 
gel with the insert appearing as the other band. If the insert itself contained any Pvu 
li restriction sites, more than two bands would appear in total, with the 2500 bp 
representing the plasmid and the other bands totalling the insert size. Agarose gel 
electrophoresis of the digested clones revealed clones with different insert sizes 
ranging from 305 bp to 2655 bp. Some of the clones appeared to have the same 
pattern of bands. These clones were grouped together initially based on Pvu II 
restriction enzyme cutting pattern. There were 17 groups of clones that had similar- 
sized bands after digestion. Notably 10 groups composed of 31 clones had inserts 
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.ha. were^™ ^50 .p „„, , „ , , ^ ^ ^ ^ ^ 

and 26 kD ch,„„=«.„te AFP. and me r.^ ^ ^ ^ 



were the same and ,hus .dundan.. The G «a«on of «,e Sanger ^^ueneing 
-^on was pe,*™«d for each done us.g T3 and T7 ee^uenc^g p,™, 1 
se^ra.ed by polyac^^i.^ gel e^^. ^ 

w.scon,pa™d„«honea„o,h.rw«h,napnm^group. G-..*„, allows some 
sequence da.a .o be oMained and indteate dones are *e same. There ^re 
«9h. groups of do^s wiU, nine done, having no ma.d, witt, an, o»,er done. 

25.2.2 Hybridization with pHvcht2a 

*««'"'»«'"'"of«»dlgesSbyg.letect™pho«sls.«,eDNAwas 

.0 a nyton membrane, p^bed „«h pHvd«2a a, h„h s.,<ngency (6 X SSC 
50 * forman.de, ^X, and washed a, high slr^geney (0.2 X SSC, 0.1% SOS 55"C 
todete™™«*,^*„esw.«,alsepos«ives(Rg.6B,. There were 9 dones .ha, 
d^d no. appear.o™hybndiz.„i«,pHvdh.2a. These dones „e™ pCHT-10 -13 -17 
-18, -19, -28, -32, -38. and -39 and may not be dainase dJNAs. 

25.2.3 Sequence analysta of the putative chWnaae cDNAs 

P^limrnary sequendng analysis was perfbnrod on some of the dones that 
w^™ P«.,ded .0 be m.^ based on me Pvu II ^dlon da.. Rep.sen.a. e 

*r rr ^ „ere 

»^nced ,n*.iy us.g the T3 and T7 un^rsa, prtmers. From the data, sequence 
etrateaj we. made to ob.^n turner sequence data. Some of the sequences 

-^»e T3 or T7 prtmerto ge. mo™ sequence data, in some cases this was not 
possible and pnmers we« designed ^ me sequence data to continue sequendng. 

am.no acd sequence as me one de,em,ined for me 35 kO dVtlnaseWike AFP 
de enn,ned by N-.em,inai sequencing (111-23). The pCHT^ was also 
determined to be ^iMengm. The transited gene product has me same size as m. 

46 



wo 99/06565 



PCT/CA98/00745 



26 kD chitinase-like AFP and appears to have the longest 5' untranslated region 
when compared to other members of its group. The predicted N-tenminal amino acid 
sequence of the translated gene product is very similar to the pHvcht2a predicted 
amino acid sequence. Both clones have an ATG start codon and contain open 
5 reading frames (ORF) that follow amino acid sequences consistent with known 
chitinases. 

25.2.4 Characterization of CHT9 

The sequence of CHT9 was detennined in both directions using the 
ALFexpress DNA sequencer at the Sick Children's Hospital Biotechnology Service 

10 Centre, (University of Toronto. Toronto, ON, Canada) with various plasmid 

constructs and primers designed against the initial and growing sequence data. The 
cDNA was detemiined to be 1 193 bp in length with a poly A tail (Fig. 21). The ORF 
contained 318 amino acids that began with the methionine codon 48 bp downstream 
from the 5' terminus of the insert and ended with the stop codon 955 bp from the 

15 ATG start codon. The predicted first amino acid in the gene product is glutamate at 
position 21 of the ORF as the N-terminal amino acid sequence data for the 35 kD 
chitinase-like AFP is known. The predicted gene product consists of 301 amino 
acids with a molecular weight of 31647 Da and a pi of 6.96. There were 190 bp of 
noncoding region at the 3' terminus. PSORT analysis was perfomied on this cDNA 

20 and predicted that there was a 20 amino acid signal sequence that targets the 

protein to the outside of the cell (Fig. 21 ( c). The invention also Includes variants of 
this signal sequence which are biologically functional equivalent peptides, 
polypeptides and proteins of the signal sequence (or the encoding nucleic acid 
niolecule) that exhibit the same or similar signal targeting activity this signal 

25 sequence. The discussion of variants with respect to antifreeze polypeptides, below, 
also applies to the signal sequence by itself. The signal sequence is easily attached 
to other polypeptides besides antifreeze polypeptides for targeting them outside of 
the cell. The invention also includes a method for translocating a polypeptide, 
peptide or protein outside of a cell by expressing recombinant DNA, using protein 

30 synthesis or other techniques known in the art to produce a polypeptide, peptide or 
protein fixed to the signal sequence (or biologically functional equivalent) such that 
the polypeptide, peptide or protein is translocated of of cell. 

25.2.5 Characterization of CHT46 



35 



There were many possible clone candidates that could encode the 26 kD 
chitinase-like AFP. Possible candidates were sequenced using the Pharmacia T7 kit 
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to determine which clones were full-length and encoded for the 26 kD chitinase-like 
AFP. After aligning the sequence data generated using the T3 and T7 primers. 
CHT46 was detemiined to encode for a full-length chitinase that could encode Ihe 26 
kD chitinase-like AFP and was sequenced completely (Fig. 22). CHT46 was shown 
to have a 998 bp insert that had 78 bp upstream from the first ATG that initiated the 
ORF of 252 amino acids. The predicted gene product has a molecular mass of 
26835 Da and a pi of 8.25. The stop codon is located 757 bp from the ATG start 
codon With 163 Of 3" untranslated region. PSORT also predicted that this protein has 
a 22 amino acid sequence (Fig. 22(d) and is targeted to the outside of the cell. 
25.2.6 Sequence comparison of CHT9 and CHT46 

Sequence comparison, using the GAP program of the GCG sequence 
analysis software package, between pCHT9 and pCHT46 (Fig. 23) revealed 62 ^% 
.dentity at the nucleotide level, and 58.6o^ identity and 63.3% similarity at the amino 
acd level. As well. CHT46 is more similar to pHvcht2a at the nucleotide and amino 
acid levels than pCHT9 (greater than 90% for both levels). A BUST search 
perfomied on each done revealed similarities to other chitinases from closely related 
species. CHT9 has the highest homology (over 90% similarity at the nucleotide and 
ammo adds levels) with Chinese spring wheat chitinase (GenBank accession no. 
X76041). Comparisons were perfomied between CHT9 and CHT46 and two of the 
diitinase proteins found in rye seeds (Fig. 23). CHT9 is 82.2% identical to the rye 
seed diltlnase with 86.6% similarity in amino acids. CHT46 is only 57.4% identical 
to the rye seed chitinase with 62.2% similarity in amino acids. Multiple sequence 
alignment of the predicted amino acid sequence for CHT9. CHT46. Hvcht2a a 
tobacco chitinase (X16939). a rice chitinase (D16223) and a spring wheat chitinase 
(X76041 ) with both of the rye seed chitinases showed that the chitinases from 
different spedes are very conserved. Our previous results showed that tobacco 
does not accumulate extracellular AFPs or chitinases in response to cold 
temperature (Figs. 16and19). Although tobacco and rye chitinase sequences are 
highly conserved, the fact remains that the rye proteins are cold-induced and exhibit 
antifreeze activity whereas the tobacco proteins are not cold-induced and do not 
exhibit antifreeze activity. 

From the sequences in Figures 21 and 22. cDNA probes were designed to 
Identify chitinase-like AFPs. One 404 bp probe (ch46hp) consists of a sequence 
complementary to the sequence of CHT46 beginning at nucleotide 340 and ending at 
nucleotide 744 (Fig. 22(b). A second 404 bp probe (ch9hp) is a sequence that 
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complements the homologous region in the CHT9 sequence beginning at nucleotide 
541 and ending at nucleotide 945 (Fig. 21(a). Variants of the nucleotide sequence of 
the probes (biologically funtionaily equivalent probes) are also useful. These probes 
are useful in the following method to identify similar DMA, cDNA and/or RNA 

5 sequences. The DMA or RNA in question is transferred to a membrane. Preferably, 
following prehybridization at 42'*C using 50% formamide, 6X SSC, 0.5% SDS, 5X 
Denhardt solution (a IX solution is 0.02% w/v Ficoll, 0.02% w/v PVP, 0.02% w/v 
BSA) andlOO ^g mL'^ sheared denatured salmon sperm DNA. the DNA or RNA in 
question is allowed to hybridize under the same conditions using either labelled, 

10 denatured ch46hp or labelled, denatured ch9hp in place of the salmon spenn DNA. 
The membranes are preferably washed with 0.2X SSC and 0.1% SPS at 42°C for 30 ' 
min. 

As will be discussed in more detail below, the present invention includes not 
only the rye chitinase-like AFP encoded by sequences presented in Figures 21 and 
15 22, but also biologically functional equivalent peptides, polypeptides and proteins 
that exhibit the same or similar antifreeze activity as rye AFPs. The invention also 
includes nucleotide sequences that are biologically functionally equivalent to CHT9, 
CHT46, PCHT9 or PCHT46. 

Example 26: Expression analysis of chitinase CHT9 and CHT46 

20 26.1 Expression in cold- and nonacclimated leaves 

Total RNA was isolated from nonacclimated and cold-acclimated rye leaves. 
Equal amounts of RNA were separated by fomnaldehyde denaturing agarose gel 
electrophoresis (Fig. 1 1 A) as seen by the ribosomal RNA bands. The RNA was 
transferred to a nylon membrane and allowed to hybridize to gene-specific probes for 

25 CHT9 and CHT46. Both gene-specific probes are designed from their respective 3* 
untranslated regions. The gene-specific probe for CHT9 is a 30-mer oligonucleotide: 
CGAATAATGGTGCAATCCATCGCAAGATGC. The gene-specific probe for CHT46 
is a cDNA fragment 292 bp in length, which includes the poly A tail of the transcript 
(TCGAGTGCGGCATGGGCCGGAACGACGCCAACGTCGACCGCATCGGCTACTA 

30 CACACGCTACTGCGGCATGCTTGGCACGGCCACCGGGGGCAACCTCGACTGC 
TACACCCAGCGAAACTTCGCTAGCTAGACAGTGTATGCACGTGTTATAAATAAAT 
GGCAATGCATATGCCATCCCCGAATAAATAATTCAACATGTGACAGTTGATTTGT 
ATGGTAATACGAGTAAGTTGTTGCAACAAATTATGAATATTGAATAAAATCAAATT 
TTATCAAAAAAAAAAAAAAAAA). The gene-specific probe for CHT9 hybridized to a 

35 1 .25 kb transcript whereas the gene-specific probe for CHT46 hybridized to a 1 .0 kb 
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transcnpt. For the CHT46 gene-specific probe, a higher stringency wash was added 
(0.2 X SSC. 0.10/0 SDS at 650C) to the protocol to reduce the occurrence of 
unspecific binding due to the poly A tail of the probe. The relative intensities of the 
bands between nonacclimated and cold-acclimated RNA were detem^ined by 
densitometry. There was a 2.5-fold increase in signaiintensity in cold-acclimated 
eaves for CHT9 and a 1 .3-fold increase in signal intensity in cold-acclimated leaves 
for CHT46 when compared with nonacclimated leaves. 

26.2 Expression in different rye tissues during cold-accllmatlon 

' Rye tissues were sampled during cold-acclimation. Crown (meristem or 
d.v.d.ng tissue), new leaf, old leaf, and root samples were taken after 1 week 3 
weeks. 5 weeks, and 7 weeks at cold-acclimating conditions. Tissues from plants 
grown for 4 weeks at nonacclimated conditions were used as a control. New leaves 
appeared only after the plants were transferred to the cold-acclimating temperature 

Old leaves were leaves that expanded under nonacclimated conditions before the ' 
plant was transfenred. 

Total RNA was extracted from these tissues and analysed by denaturing 
fomialdehyde gel electrophoresis (Fig 13A) and transferred to nylon membranes 
The blots were analysed by northern blotting using CHT9 and CHT46 gene-specific 
probes as described above. CHT9 hybridt:ed to a 1.25 kb transcript that appeared " 
m all of the tissues except the roots. The signal for this transcript has a lower 
intensity for all of the tissues after 1 week cold-acclimation and progressively 
mcreases during the cold acclimation. The signal has the strongest intensity in the 
crown tissue after 7 weeks of cold-acclimation. The CHT46 gene-spedfic probe 
hybndized to a 1.0 kb transcript. The transcript appeared in all of the tissues with 
low intensity in tissues after 1 week cold-acclimation and gradually increasing 
intensities over time during cold-acclimation. The CHT46 transcript appears to be 
present in all of the tissues including the roots. 

26.3 Expression in leaves firom nonacclimated, cold-acclimated and 
deacciimated conditions 

In order to demonstrate that cold-induction was reversible, rye plants were 
grown for one week in nonacclimating conditions, transferred to cold-acclimating 
conditions for a period of 7 weeks, then transferred back to nonacclimating 
conditions. Tissue samples were taken from plants that were grown in 
nonacclimated conditions for 2 weeks as a control. Tissues were sampled after 6 
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12 and 36 hrs and after 1 , 3, 5 and 7 weeks of being in the cold-acclimating 
conditions. After 7 weel<s, tissue samples were taken after 6, 12. and 30 lirs and 9 
days after being transfen-ed back to nonacclimating conditions. Total RNA was 
extracted from these tissues and analysed by denaturing formaldehyde agarose gel 
5 electrophoresisand hybridization with gene-specific probes (see Example 26.1). For 
CHT9, a 1.25 kb transcript was present in the 7 week cold-acclimation sample and In 
the samples taken 6 and 12 hr after being transferred from cold to nonacclimating 
conditions, after which the signal decreases. There does not appear to be any signal 
in the other samplies. The same blot was hybridized to pCHT46 gene-specific probe 
10 at low stringency. A1 kb transcript hybridized in all of the samples. The intensity of 
the transcript signal increased over time during cold-acclimation. The message 
disappeared slowly after plants were transfen^d to nonacclimating conditions. 
These results confirm that expression of CHT9 and CHT46 is upregulated by cold 
temperature. 

1 5 26.4 Expression in leaves treated with salicylic acid 

Salicylic acid induces expression of genes encoding antifungal chitinases. 
Rye plants grown at nonaccllmated conditions for 2 weeks were sprayed once a day 
with 20 ppm salicylic acid in 0.5% (v/v) Tween for 8 days. Unsprayed plants were 
used as controls. Leaf tissue was harvested daily from these plants 1 hr after the 

20 salicylic acid treatment and used to isolate total RNA. Expression was analysed by 
northem blotting using the CHT46 gene-specific probe by using low stringency wash 
conditions. One kb and 3.7 kb transcripts were apparent in ail the samples whether 
treated or not treated with salicylic acid. The 3.7 kb transcript may result from 
unspecific binding due to the low stringency washes. Initially, the signals for both 

25 control and treated samples were similar in intensity. After 5 and 6 days of 
treatment, the signal was stronger in the control plants than in the treated plant 
samples. The CHT9 gene-specific probe when used did not produce any positive 
results. These results show that CHT46 and CHT9 expression is not induced by the 
same signals as antifungal chitinase genes. 

30 Example 27: Overexpression of CHT46 and CHT9 in Arabidopsis thaliana 

CHT9 and CHT46 were cloned into the pKYLX7.1-35S^ Agmbacterium 
fumefac/ens-compatible vector. These vectors were transformed into a disarmed A. 
tumefaciens strain (C58 pGv3850) by electroporatipn. These strains were 
introduced into Arabidopsis ttialiana by vacuum infiltration and seeds were harvested 
35 from the plants. These seeds were screened for kanamycin resistance and the T1 
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plants were analyzed for the number of inserts. Plants with one insert of either 
CHT9 or CHT46 were advanced to homozygosity in the T3 generation. Expression 
of CHT46 and CHT9 in T3 plants is confirmed by Northem blotting using gene- 
specific probes described in Example 25. Accumulation of chltlnase-like AFPs is 
confimied by immunoblotting as described in Example 22 and assays of antifreeze 
activity. Antifreeze activity can be assayed in either cnide extracts as described ii 
Example 18 or in extracellular extracts as described in Example 5. 



in 



OVEREXPRESSION OF DNA ENCODING CHITINASE-LIKE AFPs 

The terni "encoding DNA" refers to chromosomal DNA. plasmid DNA, cDNA 
or synthetic DNA that encodes proteins similar to winter rye AFPs or other AFPs of 
the invention, preferably the chitinase-like AFPs. Encoding DNAs of the present 
invention^may be introduced into microbial, plant or animal host. Microbial hosts 
include algae, bacteria, fungi and protozoa. Encoding DNAs introduced into a host 
may be incorporated Into plasmids or into chromosomes located in microbes, nuclei 
and organelles. Overexpression refers to the accumulation of a recombinant protein 
that is not nomially present or is present at a higher level than normally seen in 
expression of the endogenous gene. 

Example 28: Expression of CHT9 and secretion of chitinase-lilce AFP in £. co/l 
28.1 Cloning of CHT9 into a bacterial expression vector 

To insert CHT9 into the BamHI site of the Ecoli expression vector pET12a 
(Novagen.Madison.WI). the CHT9 was PGR (polymerase chain reaction) amplified 
with the synthetic oligonucleotides 

5'-TTAAGGATCCGGAGCAGTGCGGCTCGCAGGCand 

S'-GGTTGGATCCTGCGAACGGCCTCTGGTTGTA as primers to generate BamHI 
sites at the start and end of the gene. The ca. 800-bp PCR-amplified fragment was 
digested with BamHI and ligated into the unique BamHI site of pET12a. The ligation 
mixture was transfomied into DH5a. plated onto LB-ampicillin (150 ^g/ml) plates, 
and incubated at 370C. Plasmids of individual colonies were analyzed to find clones 
having the BamHI fragment inserted in the correct orientation, i.e. CHT9 reads in the 
same direction as the secretion signal provided by the vector. One clone was 
identified and named cht9/12a. To confimi the DNA sequence of the PCR-amplified 
chitinase cDNA. double strand DNA sequencing was perfomied by 
dideoxynucleotide chain termination using the T7 DNA sequencing kit according to 
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the manufacturer's instructions (Pharmacia, Montreal, Quebec, Canada). 

28.2 Expression of ch9/12a recombinant plasmid 

The piasmid DNA of ch9/12a was purified from DH5a cells by using a 
QIAGEN DNA purification i<it (QIAGEN, Germany) and transformed into the 
5 expression host BL-21(DE3) cells from Novagen (Madison, Wl) in which a 
chromosomally inserted T7 polymerase was provided to dictate the expression of the 
' plasmid encoded gene. To express the chitinase-like AFP, a single colony was 
picked from a freshly streaked LB-plate and was used to inoculate a 2 ml 
LB/ampicillin culture. The culture was incubated with shaking at 30°C for overnight. 
10 The following morning, a 50 ml LB/ampicillin culture was inoculated with 1 ml of the. . 
overnight culture in a 250 ml flask and inculcated at SC'C with shaking until the 
OD600 reached 0.4. The IPTG (Sigma) was added to a final concentration of 0.4 
mM and the incubation was continued for an additional 3hr. The cells were 
harvested by centrifugation at 5000 x g for 5 min at 4**C. 

15 28.3 Purification and analysis of the expressed proteins 

For purification of periplasmic proteins, the bacteria cell pellet was 
resuspended in ice-cold 20% sucrose, 2.5 mM EDTA, 20 mM Tris-HCI pH8.0 to a 
concentration of 5 OD550 units/ml and incubated on ice for 10 min. The suspension 
was centrifuged at 15,000 x g for 5 min and the pellet was resuspended in the same 
20 volume of ice-cold 2.5 mM EDTA, 20 mM Tris-HCI pH 8.0, incubated on ice for 10 
min, and centrifuged as above for 10 min. The supernatant is the periplasmic 
fraction and was further analyzed by SDS-PAGE and immunoblotting with antiserum 
raised against the rye chitinase-like AFP (see Example 17). 

The bacteria expression vector pET12a contains the leader sequence of the 
25 ompT (outer membrane protein T) protein, and in some cases, the target proteins 
may be directed to the periplasmic space. The leader sequence is necessary, but 
not sufficient for export into the periplasm. Translocation also can depend on the 
mature domain of the target protein. The osmotic shock protocol is a simple method 
of preparing the periplasmic fraction firom BL-21 cells. Figure 24 shows the 
30 expression of the chitinase in cells transfomned with pET12a/ch9. Protein extracts 
from total cells showed a major band of ca. 32 kDa (lanes 2,4) which is absent in the 
extract of control cells (lanes 1 , 3). Although the periplasmic fraction contained the 
expressed protein, the majority of the expressed chitinase-like AFP remained 
intracellular (data not shown). To evaluate whether the chitinase-like AFP in the 
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periplasms fracdon had an«™eze activity. tt,fe taction was concentred 1000-fold 
and the antifreeze activity was monitored by ot«,n,ing cl^nges In mon,hology of Ice 
"ystals fonnad during freezing. Antifreeze activity was present in this fraction 
because the ice aystais g«v in the shape of hexagonal bipyramlds wtth straight 
fa«s. The recombinant protein also exhibited chitlnase activity, which was assayed 
as described in Example 1 5. 

Example 29: Expression and secreaon of chW««,.|ik, AFP in PfcWapasfo,^ 
29.1 Cloning of a CHT9 construct wMh a c^ermlnai His/Mye tag 

The PiCIs expression vector was pun*ased from invitrogen (San Diego 

^J^T^ """" ""'^ * ^ ^"^ <" ^- 

pGAPZoA. CHT9 was PO^-amplilied with the synthetic oligonucleotides 
S'-ATTGAATTCGAGCAGTOCGGCTCGCAGGCC and 

l2Y'^^^''''^'^^^rorOGTT<,y^ as pnmers to generate 
Ecoi^ and NotI srtes at the S' and J ends of the cONA, «spectlvely. The ampMed 
fr^mem was digested with EcoRI and Noti and ligated into the pGAPZoA restricted 
«h the same enzymes. The ligation mixture was transfom,ed into DH5a. plated 
onto low sal. L&.Zeodn (25 w/ml) plates, and Incubated a, 37-C. The recombinant ' 
Plasmlds were analyzed. »d dtones ha^ng fte EcoRI/NotI fragment inserted in- ' 
ir^ m, the yeast a-faCor signal sequence were identified a«i r«m,d 
PGAPZOA/Chtg. The DNA sequence of the ^comblnant plasmid was confinned by 
DNA s«^ncing as described above. The Hls^^yc tag strategy useful for 
P^uang active chl«nases and other antifreeze proteins. The^fore the invention 
also rndudes a method of purifying chitlnases and other antifreeze proteins Tags 
similar to theHisflVIyctag may alsobeusedforpurilicatlon. 
29.2 Cloning of a CHT9 conMruct vrithout the c-tennlnai tag 

A new oligonucleotide 5'-TCTGGAGACTATGCGAACGGCCTCTTGGTT-3' 
™s synthesized, and together with the 5'-oligo described above, were used in a 
PCR reaction to generate EcoRi and Xbal as the 5' and 3' ends of CHT9 
^pectively. The ampll.i«l fragment was digested wim EcoRI and Xbal and l^ated 
■nto the pGAPzoA restricted with the same enzymes. Such a strategy ensures that 
he sequences of the His/Myc tag encoded by me vector are not attached to the C 
t«m,nus Of CHT9. The selection and amplication o, the recombinant plasmid were 
carr,«i out as described above. The positive done was nam«l pGAPzaA/cht9(.tag) 
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and is useful for increasing antifreeze activity in the recombinant protein. 

29.3 Transformation of pGAPZaA/cht9 and pGAPZaA/cht9(.tag) into Pichia 
strain X-33 

Plasmid DNA of pGAPZaA/clit9 and pGAPZotA/cht9(-tag) was purified by 
5 using a large scale DNA purification kit (QIAGEN. Germany). Approximately 10 jig 
of the plasmid DNA was transformed into the yeast cells X-33 (Invitrogen) by 
electroporation (Bio-Rad GenePulser) according to the parameters recommended by 
the manufacturer's protocols. The transformed cells were incubated at 30°C on 
YPDS plates (1% yeast extract, 2% peptone, 2% D-glucose, 1 M sorbitol, 2% agar) 

10 containing 100 iJig/ml Zeocin for 3 days. The colonies were further purified by- 
streaking for single colonies on fresh YPDS/Zeocin plates. Eight of the Zeocin- 
resistant Pichia transfomiants for each clone were analyzed for the presence of the 
CHT9 cDNA. The genomic DNA was Isolated from individual clones and a PGR 
protocol was carried out to detect the presence of the insert according to the Picliia 

15 Expression Manual (Invitrogen). The clones containing the chromosomally inserted 
CHT9 cDNA were chosen for expression analysis. 

29.4 Expression of the recombinant CHT in Pichia and analysis of the 
chltinase-like AFPs 

A single colony from each recombinant clone was used to inoculate 10 ml of 
20 YPD medium (1% yeast extract, 2% peptone, 2% glucose) and the culture was 
incubated with shaking at 28-30**C overnight. Approximately 0.1 ml of the overnight 
culture was used to inoculate 50 ml of YPD in a 250 ml flask and the incubation was 
continued for 2-3 days. At the end of each day, 1 ml of culture was collected, 
centrifuged, the supernatant and the cell pellet were analyzed by SDS-PAGE and 
25 immunoblotting. 

The pGAPZoA (2.9 kb) vector uses the GAP promoter to constltutively 
express recombinant proteins in P/cWa pastoris. GAP is the promoter of the GAPDH 
(glyceraidehyde-3-phosphate dehydrogenase) gene, which is constltutively 
expressed in many organisms including Picliia pastoris. In addition, this vector has 
30 an N-terminal peptide encoding the Saccharomyces cerevisiae a-factor secretion 
signal, which, in some cases, targets the foreign proteins to the extracellular space 
(supernatant). Figure 25a shows overexpression and secretion of the recombinant 
chitinase from the yeast cells. Protein samples prepared from the supernatant of the 
yeast culture showed a major band in SDS-PAGE of ca. 32 kDa (lanes 1. 2). Figure 
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25b shows the immunoblot analysis of the sam*. camni..o kii 

^ ^ ^^'^^ samples. Moreover, unlike the 
b=c.e„a, expr^sior system des«*ed above, ^ .he expressed 
ch«,n,se.,Re AFP in yees. was p^sen, in «« supemalam (compare lanes 1, 2 and 
3,4 ), rtcatlng «,at the secretion was nearly complete. The level of expression and 
seorefon was calculated to be h the range of 50 to ,00 mg per l«er of culture 
m^lum. pastorfs secretes iittte of its om, protein, so the successful secretion 
Of tt» recomb-nant chMnase^like AFP ensures easy purfficata and charactertzatton. 
Sample 30: Expression and secretion of pGAP2aA/cht9(4a9) 

<n order to obtain a protein best resembling its native fonn. an alternative 
done was constructed in such a way as to delete the His/Myc tag attached to the c 
tem„nus Of the native chWnase. The ex^sslon and secretion levels of the ' ' 
recombinant protein are comparable to that of the pGAPZoA/chtO. SDS-PAGE and 
.mmunoblotting of the expressed pmtrtns from both clones show that the 
«™nt ch«nase^-,e AFPs have antmeeze ac«v^ hecause hexagonal^- 
Shaped «e c^sUls are fom,ed in the AFP soiu^s. ^ ^combinant ch«inase.«Ke 
AFP, also exh,b« chKlnase activity, which was assayed as descrtbed in Example 15. 
Example 31 : Expression of CHT46 in £. caff 

CHT46 was abo expressed In £ co« as a fusion protein with a leade? 
sequence containing six histldines using the vectors descrtbed in Example 27 The' 
«con,b,na„t protein was purtfed from cell lysate, prepare, as descrtbed In Example 
27 us,„g a nickel chelation column. After mfolding and cleavage of the His tag the 
mature ,ecomb»,ant protein exhibited definite ^meeze as hexagonal ice 
aystals were lomied in solutions of the recombinant AFP. 
Example 32: Enhancement of antifreeze activity 

The antifreeze activity of the chitinase^ike AFP Is further increased by 
carrying out selective site-directed mutag«,e^s. An exam^e is the increase in AFP 
samy from the fish Ocean Pout using this approach (111-32). Using protein 
modelling and other prediction methods, we identify me ice bhd-^ dom^„ and other 
cntical amino acid residues in the chitinase^ike AFPs that are candkiatee for 
mutauon, inser«on and/or deletion. A DNA plasmki or expression vector containhg 
the ch*nase.|lke AFPs gene is used for these studtes using tt» U.S.E. (Unique site 
elimination) mutagenesis kit frem Pham,acla Biotech or otters War mutagenesis 
^ that are commercially ava«able. Once the muta«on Is carried out, and conflnned 
by DNA sequence analysis, the mutant pratein is expressed using any of the 
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expression systems and its antifreeze activity monitored. This approach is useful not 
only to enhance antifreeze activity, but also to engineer some functional domains for 
other properties useful in the purification or application of the proteins or the addition 
of other biological functions. It is also possible to synthesize a DNA fragment based 

5 on the sequence of the chitinase-like AFPs that encodes smaller proteins that retain 
antifreeze activity and are easier to express. It is also possible to modify the 
expression of the cDNA so that it is induced under environmental conditions other 
than cold temperatures or in response to different chemical inducers or hormones. It 
is also possible to modify the DNA sequence so that the protein is targeted to a 

10 different location. All these modifications of the DNA sequences presented In Figures 
21 and 22 and the proteins produced by the modified sequences are encompassed 
by the present invention. 

Example 33: Inheritance of antifreeze proteins in winter and spring wheat 

Cheyenne winter wheat {Triticum aestivum L. cv Cheyenne), Chinese Spring 
15 wheat {Triticum aestivum L cv Chinese Spring), and 21 chromosome substitution 
lines were grown as described in Example 1. In each of the substitution lines, one 
pair of chromosomes in Chinese Spring wheat was replaced by the corresponding 
homologues from the variety Cheyenne, which has a much higher degree of freezing 
tolerance. Apoplastic extracts were obtained from leaves of Chinese Spring wheat, 
20 Cheyenne winter wheat, and the 21 chromosome substitution lines as described in 
Examples 10 and 21. Each extract was assayed for antifreeze activity as described 
in Example 5. The proteins present in the extracts were quantified as described in 
Example 21, then separated by SDS-PAGE and examined by immunoblotting using 
antisera produced against winter rye AFPs with similarity to glucanases, chitinases 
25 and thaumatins as described in Example 22. 

After cold acclimation, apoplastic extracts from the leaves of Chinese Spring, 
Cheyenne and the 21 chromosome substitution lines all exhibited antifreeze activity 
and all contained glucanase-like, chitinase-like and thaumatin-like AFPs (Chun et al, 
1998. Euphytica 102:219-226). The amount of apoplastic potein per leaf and the 
30 level of antifreeze activity were positively and significantly correlated with the winter 
survival of all 23 lines. Chromosomes SB and 5D carry the major genes for both the 
greater accumulation of apoplastic proteins and higher antifreeze activity. 

Example 34: Production of AFPs in Eukaryotic and Prokaryotic Cells 

The DNA sequences (also referred to as nucleic acid molecules in this 
35 application) of the invention may be obtained from a cDNA library, for example by 

57 



10 



15 



WO 99/06565 

PCT/CA98/00745 

using the methods of Example 25 (genomic DNA libraries). The nucleotide 
molecules can also be obtained from other sources known in the art such as 
expressed sequence tag analysis or in vitro synthesis. The AFP-encoding DNA 
descnbed in this application (including variants that are biologically functional 
equivalents) can be introduced into and expressed in a variety of eukaryotic and 
prokaryotic host cells. A recombinant nucleic acid molecule for the AFPs contains 
suitable operatively linked transcriptional or translationai regulatory elements 
Surtable regulatory elements are derived from a variety of sources, and they may be 
readily selected by one with ordinary skill in the art (Sambrook. J. Fritsch E E & 
Maniatis. T. (1989). Molecular Cloning: A laboratory manual. Cold Spring Hari^or 

LaboratoryPress.NewYori<;Ausubeletal.(1989)CurrentProtocolsinMolecular ' 
Biology. John Wiley & Sons. Inc.). For example, if one were to upregulate the 
expression of the gene, one could insert the sense sequence and the appropriate 
promoter into the vector. Plant promoters can be inducible or constitutive 
environmentally - or developmentally-regulated. or cell - or tissue-specific' 
Transcription is enhanced with promoters known in the art such as the "Super- 
promoter' [Ni et al.. (1995) Plant Journal 7:661-676] or the 35S promoter of 
cauliflower mosaic virus [Shah et al.. (1986) Science 233:478-481.]. 

Inducible promoters include: a) drought- and ABA-lndudble promoters which ^ 
may include ABA-responsive elements lOno et al.. (1996) Plant Physiol 112-483- 
491 ; Abe et al.. (1997) Plant Cell 9:1859-1868.]; b) heat shock-lnducible promoters 
Which may contain HSEs (heat shock elements) as well as CCAAT box sequences 
[R.eping M and Schoffl F (1992) Mol Gen Genet 231:226-232]; c) salt-inducible 
promoters which may include AT and PR elements [Raghothama et al., (1997) Plant 
Mol Biol 34:393-402]; d) Copper-inducible promoter that includes ACE1 binding sites 
[Mett et al.. (1996) Transgenic Res 5:105-113.]; e) steroid-inducible promoter that 
includes the glucocorticoid response element along wrth an expression vector coding 
for a mammalian steroid receptor [Schena et al.. (1991) PNAS 88:10421-10425.]. 

In addition, tissue specific expression is achieved with the use of tissue- 
specific promoters such as. the Fd (Ferredoxin) promoter that mediates high levels 
of expression in green leaves [Vorst et al. (1990) Plant Mol Biol 14:491-499 ] and 
peroxidase promoter for root-specific expression [Wanapu & Shinmyo (1996) Ann 
NY Acad. Scl. 182:107-1 14.]. Pollen-, flower-, fruit- and seed-specrfic promoters can 
also be used. These promoters vary in their transcription initiation rate and/or 
efficiency. 
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If one were to downregulate the expression of the gene, one could insert the 
antisense sequence and the appropriate promoter into the vehicle. These techniques 
are known to those skilled in the art. The nucleic acid molecule or gene fragment 
may be either isolated from a native source (in sense or antisense orientations), 
synthesized, or it may be a mutated native or synthetic sequence or a combination of 
these. 

Examples of regulatory elements include a transcriptional promoter and 
enhancer or RNA polymerase binding sequence, a ribosomal binding sequence, 
including a translation initiation signal. Additionally, depending on the vector employed, 
other genetic elements, such as selectable markers, may be incorporated into the 
recombinant molecule. Other regulatory regions that may be used include an 
enhancer domain and a termination region. The regulatory elements described 
above may be from animal, plant, yeast, bacterial, fungal, viral, avian, insect or other 
sources, including synthetically produced elements and mutated elements. 

In addition to using the expression vectors of Example 28, the polypeptide may 
be expressed by inserting a recombinant nucleic acid molecule in a known expression 
system derived from bacteria, viaises, yeast, mammals, insects, fungi or birds. The 
recombinant molecule may be introduced into the cells by techniques such as 
Agrobacterium tumefaciens-mediaied transformation, particle-bombardment- 
mediated transformation, direct uptake, microinjection, coprecipitation , transfection 
and electroporation depending on the cell type. Retroviral vectors, adenoviral vectors, 
DNA vims vectors and liposomes may be used. Suitable constructs are inserted in an 
expression vector, which may also include mariners for selection of transfomied cells. 
The construct may be inserted at a site created by restriction enzymes. 

In one embodiment of the invention, a cell is transformed with a nucleic acid 
molecule of the invention or a fragment of a nucleic acid molecule inserted in an 
expression vector to produce cells expressing an AFP. The gene or gene fragment 
may be either isolated from a native source (in sense or antisense orientations), 
synthesized, or it may be a mutated native or synthetic sequence or a combination of 
these. 

Another embodiment of the invention relates to a method of transforming a 
cell with the nucleic acid molecule of the invention or a fragment of the nucleic acid 
molecule, inserted in an expression vector to produce a cell expressing the AFP. The 
invention also relates to a method of expressing the polypeptides of the invention in 
the cells. 
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Transformed plant ceils are then used to produce tissue cultures, seeds or 
whole plants. The methods and compounds for producing mature plants from ceils 
are known in the art. 

Successful transformation and plant regeneration can be achieved in 
monocots and dicots. Plants (and plant cells) that may be transfomied with the AFP 
nucleic acid molecules or treated with compositions comprising AFPs include 
-asparagus, arabidopsis. potato, tomato, brassica (e.g. canola). cotton, sunflower, 
strawberries, spinach, lettuce, rice, soybean, rice. com. wheat, orchard grass, rye. 
bariey, atriplex, salicomia oat. bariey. hops, sorgum. alfalfa, sunflower, alfalfa, beet, 
pepper, tobacco, melon, squash, pea, cacao, hemp, coffee plants, sugar cane, 
cucumbers and grape vines. Trees may also be transfomied. Such trees Include " 
maple, birch, pine, eucalyptus, spmce. oak and poplar, as well as fruit trees like 
peach, nectarine, cherry, apple, pear, plum, apricot, olive, fig. lemon, lime, orange, 
tangerine and grapefruit. Decorative flowering plants such as carnations and roses 
may also be transformed with the gene of the invention. Plants bearing nuts such as 
peanuts, walnuts, pecans, and cashews may also be transfomied with an antifreeze 
protein nucleic add molecule. Plants used as spices and for herbal and mediciai 
purposes, such as ginseng, ginger, gingko. lemongrass. cinnamon, nutmeg, pepper 
and cumin, may also be transfomied with an antifreeze protein nucleic acid 
molecule. 

In a preferred embodiment of the invention, transformed plant tissue cells or 
cultures which demonstrate cold tolerance are selected and plants which express 
antifreeze proteins and are cold tolerant are regenerated from these cultures. These 
plants may be reproduced, for example by cross pollination with a plant that is cold 
tolerant or a plant that is not cold tolerant. If the plants are self-pollinated. 
homozygous cold tolerant progeny may be identified from the seeds of these plants, 
for example by growing the seeds in a cold environment, using genetic markers or * 
using an assay for cold tolerance or antifreeze protein activity. Seeds obtained from 
the mature plants resulting from these crossings may be planted, grown to sexual 
maturity and cross-pollinated or self-pollinated. 

The nucleic acid molecule is also incorporated in some plant species by 
breeding methods such as back crossing to create plants homozygous for an AFP 
cold resistance nucleic acid molecule. 

A plant line homozygous for the AFP nucleic acid molecule may be used as 
either a male or female parent in a cross with a plant line lacking the AFP tolerance 
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nucleic acid molecule to produce a hybrid plant line which is uniformly heterozygous 
for the nucleic acid molecule. Crosses between plant lines homozygous for the AFP 
resistance nucleic acid molecule are used to generate hybrid seed homozygous for 
the resistance nucleic acid molecule. 

The nucleic acid molecule of the invention may also be used as a marker in 
transformation experiments with plants. A cold sensitive plant may be transfomied 
with an antifreeze protein nucleic acid molecule and a nucleic acid molecule of 
interest which are linked. Plants transfomied with the nucleic acid molecule of 
interest will grow in a cold environment io which the non-transformed plants are 
unable to grow. 

The nucleic acid molecules of invention may also be targeted for expression 
in only a certain part of the plant. For example, nucleic acid molecule expression 
may occur only in the fruit or harvested part of the plant to improve its quality during 
and after storage at low or freezing temperatures and to increase the shelf or 
storage life of the product. The nucleic acid molecule of invention may also be 
expressed only in the temperature sensitive part of the plant such as flowers that 
bloom in spring when frost may occur or rootstocks that are sensitive to freezing in 
ovenwintering plants. 

The nucleic acid molecules of invention may also be expressed at lower 
levels in plants already endowed with the nucleic acid molecules by using antisense 
technology or cosuppression to reduce expression of wild-type and introduced 
nucleic acid molecules when the strategy is to increase sensitivity of plants such as 
weedy species to freezing or low temperature diseases to decrease survival. 

Example 35: Biologically Functionally Equivalent Peptides, Polypeptides, and 
Proteins 

The present invention includes not only the chitinase-like AFP encoded by 
sequences presented in Figures 21 and 22 and the proteins described in the 
Examples, but also "biologically functional equivalent peptides, polypeptides and 
proteins" that exhibit the same or similar antifreeze activity as AFPs described in this 
application. The phrase "biologically functional equivalent peptides, polypeptides, 
and proteins" denotes peptides, polypeptides, and proteins that exhibit the same or 
similar AFP activity as one or more of the AFPs of the invention when assayed as 
described in this application (see Example 5 for antifreeze assay). By "the same or 
similar AFP activity" is meant the ability to perform the same or similar function as 
the AFPs of the invention. These peptides, polypeptides, and proteins can contain a 
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^glcn or moiety exhlb*ng sequence ^ ,„ 3 oorresponding ^lon „ ™i«y 0, 
e AFPs described in me epplicaUon. bu, mis is no, as long as *,ey e,hib« 

.he same or similar AFP acavi5,. IdenSly ™fe„ ,0 «,e similarity o, ,«o polypeptide (or 
nuclecde sequences) tl«t are aBgned so tha, Wghes. order match is obtained 
Identity is calculated according ,0 methods known in the art. such as the Gap or ' 
BestFit prog^ms, described below. For example, i, a polypeptide (called -Sequence 
A ) has 90% identty to a porBon of the polypeptide in Figures 21 or 22 then 
Seque,«e A m be iden.cal.0 the referenced po*n of me polypeptide in Rgures 
21 or 22. except tha. Sequence A may indt^e up ,0 10 point mutations .such as 
deletons or substlfc^ons w«h other amino acids . per each 100 amino acids of the 
referencedporticofthepol,peptidelnFigu«s21 or22. Peptides, polypepUdes • • 
end proteins biologica«y functional equivalent to the AFPs of me invemion can oca,r 
in a vane^f of fomis as described below. 

AS described in Example 18, me AFPs described in the appHcaSon am also 

°' '""^ «« «n be used ,0 purily or 
detect AFPS or other AFP-like proteins. Monodona. and polyclonal anSbodies are 
prepared according ,0 other techn^ues known In m. ari. Forexamptes of memods 
of the preparation and uses of monoclonal anSbodies. see U.S. Patent Nos 
5,668,681, 5,688.657. 5,683,693, 5,667.781. 5.665,356, 5,591,628. 5.510.241 
6,503,987. 5,501,988, 5,500,345 and 5,496,705. Examples of me p«pa,aUon'and ' 
uses of polydonal antibodies are disdos«i in U.S. Patent Nos. 5,512 282 
4,628,985, 5,225,331 and 5,124,147. Anybodies recognteing AFPs can be employed 
.0 screen organisms containing AFPs or AFP-like pr^eins. The antibodies are also 
valuable for immuno-purificatlon of AFPs and AFP.*e protehs *,m crude exfads. 

A) Conservative Amino Add Changes in AFP Sequences 

Peptides, polypeptides, and pn«eins biologically fundionally equivalent to 
AFP protein Indude amino add sequences containing amino add dianges In an AFP 
sequence. The biologically fundional equivalent peptdes, polypeptides, and 
proteins have at leas, about 40% sequence identity, pmfembly a, teast about 60% a, 
least a out 80%, a, leas, about 90% or at leas, abou, 95% sequence iden«y, ,0 me 
naturally occumng polypeptide, or corresponding region. Most preferably me 

gTta? "o^r' '^'^ ^ « ^' 

97 ^, 98% or 99% sequence IdentHy ,0 me naftirally occuning protein or 

corresponding region or moie^r. -Sequence identiv is detera,lned by me Gap or 

Bes,F,t. BestFl, aligns me best segment of similarity between two sequences. 
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Alignments are made using the local homology algorithm of Smith and Waterman 
(1981) Adv. Appl. Math. 2:482-489. The algorithm of Needleman and Wunsch (1970 
J Mol. Biol. 48:443-453) is used in the Gap program. 

B) Fragments and Variants of Antifreeze Proteins 

5 Fragments and variants of AFPs possessing the same or similar AFP activity 

as that of the AFPs of the invention are also encompassed by the present Invention. 

C) AFP Fragments 

The invention includes fragments of the polypeptides of the invention which 
10 retain the same or similar activity as the polypeptides of the invention. Such peptides ' 
preferably consist of at least 5 amino acids. In preferred embodiments, they may 
consist of 6 to 10, 1 1 to 15. 16 to 25 or 26 to 50 amino acids of the polypeptides of 
the invention. Fragments of the AFPs can be created by deleting one or more amino 
acids from the N-terminus, C-temiinus or an intemal region of the protein (or 
15 combinations of these), so long as such fragments retain the same or similar AFP 
enzymatic activity as the AFPs disclosed in the application. These fragments can be 
natural mutants of the AFPs, or can be produced by restriction nuclease treatment of 
an encoding nucleotide sequence. Fragments of the polypeptide may be used in an 
assay to identify compounds that bind the polypeptide. Methods known in the art 
20 may be used to identify agonists and antagonists of the fragments. 

Fragments and variants of AFPs encompassed by the present invention 
should preferably have at least about 40% sequence identity, preferably at least 
about 60%, at least about 80%, at least about 90% or at least about 95% sequence 
identity, to the naturally occurring protein, or con^esponding region or moiety. Most 
25 preferably, the fragments have at least 97%, 98% or 99% sequence identity to the 
naturally occunring polypeptide, or corresponding region. Sequence identiy is 
preferably measured with either the Gap or BestFit programs. 

The invention also includes fragments of the polypeptides of the invention 
which do not retain the same or similar activity as the polypeptides but which can be 
30 used as a research tool to characterize the polypeptides of the invention. 

Example 36: AFP Variants 

Variants of the AFPs of the invention may be created by laboratory 
techniques such as mutagenesis (as described in Example 32) or splicing. Variants 
can also be naturally occurring mutants of the AFPs disclosed in the application. 
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variants of the proteins of the invention may be made, for example, with protein 
engineering techniques such as site^irected mutagenesis which are well known in 
the art for substitution of amino acids. A combination of techniques known in the art 
may be used to substitute, delete or add amino adds. For example, a hydrophobic 
residue such as methionine can be substituted for another hydrophobic residue such 
as alanine. An alanine residue may be substituted with a more hydrophobic residue 
such as leucine, valine or isoleucine. An aromatic residue such as phenylalanine 
may be substituted for tyrosine. An acidic, negatively charged amino acid such as 
aspartic acid may be substituted for glutamic acid. A positively charged amino acid 
such as lysine may be substituted for another positively charged amino acid such as 
arginine. Modifications of the proteins of the invention may also be made by treating " 
a polypeptide of the invention with an agent that chemically alters a side group for 
example, by converting a hydrogen group to another group such as a hydroxy or 
amino group. 

Peptides having one or more D-amlno acids are contemplated within the 
invention. Also contemplated are peptides where one or more amino acids are 
acetylated at the N-terminus. Those skilled in the art recognize that a variety of 
techniques are available for constructing peptide mimetics (i.e. a modified peptide or 
polypeptide or protein) with the same or similar desired biological activity as the 
corresponding peptide compound of the invention but with more favorable activity 
than the peptide with respect to solubility, stability, and/or susceptibility to hydrolysis 
and proteolysis. See for example. Morgan and Gainor. Ann. Rep. Med. Chem 
24:243-252 (1989). 

The invention also includes hybrid genes and peptides, for example where a 
nucleotide sequence from the gene of the invention is combined with another 
nucleotide sequence to produce a fusion peptide. For example a domain from an 
AFP nucleic acid molecule or other molecule of interest may be ligated to an AFP 
nucleic acid molecule encoding an AFP described in this application. Fusion genes 
and peptides can also be chemically synthesized or produced using other known 
techniques. 

The variants preferably retain the same or similar AFP activity as the naturally 
occumng AFPs of the invention. The AFP activity of such variants can be assayed 
by techniques described in this application. 

Variants produced by combinations of the techniques described above but 
which retain the same or similar AFP activity as the naturally occurring AFPs of the 
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invention, are also included in the invention (for example, combinations of amino acid 
additions, deletions, and substitutions). 

Example 37: Biologically Functionally Equivalent Nucleic Acid Molecules 

The invention also includes nucleotide sequences that are biologically 
functional equivalent to the sequences in Figures 21 or 22 or other sequences of the 
invention. Biologically functional equivalent nucleotide sequences are DNA and RNA 
(such as genomic DNA, cDNA, synthetic DNA, and mRNA nucleotide sequences), 
that encode peptides, polypeptides, and proteins having the same or similar AFP 
activity as the AFPs shown in Figures 21 or 22 or disclosed in the application. 
Biologically functional equivalent nucleotide sequences can encode peptides, 
polypeptides, and proteins that contain a region having sequence identity to a region 
of an AFP in this application. 

A) Nucleic Acid Molecules Encoding Conservative Amino Acid Changes in AFPs 

The invention includes biologically functional equivalent nucleotide 
sequences that encode conservative amino acid changes within an AFP amino acid 
sequence and produce silent amino acid changes in the AFP sequences of the 
invention. 

B) Nucieotidie Sequences Encoding Non-Conservative Amino Acid Substitutions, 
Additions or Deletions in AFPs 

The invention includes nucleotide sequences that are biologically functional 
equivalent to the sequences in Figures 21 or 22. Biologically functional equivalent 
nucleotide sequences are DNA and RNA (such as genomic DNA, cDNA, synthetic 
DNA, and mRNA nucleotide sequences) that encode peptides, polypeptides, and 
proteins having non-conservative amino acid substitutions, additions, or deletions but 
which also retain the same or similar AFP activity as the AFPs shown in Figures 21 
or 22 or disclosed in the application. The DNA or RNA can encode fragments or 
variants of the AFPs of the invention. The AFP or AFP-like activity of such fragments 
and variants is identified by assays as described above. These biologically functional 
equivalent nucleotide sequences. Fragments and variants of AFPs encompassed by 
the present invention should preferably have at least about 40% sequence identity or 
preferably at least about 60%, at least about 80%, at least about 90% or at least 
about 95% sequence identity to the naturally occurring polypeptide, or corresponding 
region or moiety. Most preferably, the fragments have at least 97%, 98% or 99% 
sequence identity to the naturally occurring polypeptide, or corresponding region. 



65 



wo 99/06565 

PCT/CA98/00745 

Sequence identiy is preferably measured with either the Gap or BestFit programs. 

Nucleic acids biologically functionally equivalent to the AFPs in Figures 21 or 
22 Include: 

(1) DNAs originating from winter rye. and other antifreeze proteins. For example 
the sequence shown in Figure 21 (a) may have its length altered by natural or 
artificial mutations such as partial nucleotide insertion or deletion, so that when the 
entire length of the coding sequence within Figure 21(b). is taken as 100% the 
biologically functional equivalent nucleotide sequence has an approximate length of 
about 60-120% thereof, preferably about 80-f10% thereof; or 

(2) nucleotide sequences containing partial (usually 80% or less, preferably 60% or - 
less, more preferably 40% or less of the entire length) natural or artificial mutations 
so that such sequences code for different amino acids, but wherein the resulting 
protein retains the same or similar AFP enzymatic activity as that of a naturally 
occurring antifreeze protein. The mutated DNAs created in this manner should 
preferably encode a protein having at least about 40%. preferably at least about 
60%. at least about 80. and more preferably at least about 90% or 95%. and most 
preferably 97%. 98% or 99% sequence identity to the amino acid sequence of the 
AFPs in Figures 21 or 22. Sequence identity can be assessed by the Gap or BestR*? 
programs. 

C) Genetically Degenerate Nucleotide Sequences 

Since the genetic code is degenerate, those skilled in the art will recognize 
that the nucleic acid sequence in Figures 21 or 22 and described in the application 
are not the only sequences which may be used to code for a peptide having 
antifreeze, glucanase. chitinase or thaumatin activity. This invention includes nucleic 
acd sequences that have the same essential genetic infomiation as the nucleic acid 
molecules described in the Figures 21 or 22. Nucleic acid molecules (including 
RNA) having one or more nucleic acid changes compared to the sequences 
described in this application and which result in production of a polypeptide shown in 
Figure 21 or 22 are within the scope of the invention. Genetically degenerate forms 
of any of the other nucleic acid sequences discussed in this application are also 
within the invention. 

Also included in the invention are nucleic acid molecules that have one or 
more nucleic acid changes that replace one or more of the amino acids shown in 
Figures 21 or 22 with a chemically similar amino acid. 
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D) Biologically Functional Equivalent Nucleic Acid Sequences Detected by 
Hybridization 

Several nucleotide sequences encoding AFPs are shown in Figures 21 or 22 
or easily detemiined by using the methods described in this application. Other 

5 biologically functional equivalent fomns of AFP-encoding nucleic acids can be easily 
isolated using conventional DNA-DNA or DNA-RNA hybridization techniques. Thus, 
the present invention also includes nucleotide sequences that hybridize to one or 
more of the sequences in Figures 21 or 22 and their complementary sequences, and 
that encode expression for peptides, polypeptides, and proteins exhibiting the same 

10 or similar activity as that of the AFPs produced by the DNA in Figures 21 or 22 or its 
variants. Such nucleotide sequences preferably hybridize to one or more of the 
sequences in Figures 21 or 22 under moderate to high stringency conditions (see 
Sambrook et al. (1989) Molecular Cloning: A Laboratory Manual, Second Edition, 
Cold Spring HartDor Laboratory Press. Cold Spring Harbor. N.Y.). Preferable 

15 conditions and are described Example 25. 

The present invention also encompasses nucleotide sequences that hybridize 
to genomic DNA, cDNA, or synthetic DNA molecules that encode the amino acid 
sequence of the AFPs of the invention, or genetically degenerate forms thereof due 
to the degeneracy of the genetic code, under salt and temperature conditions 
20 equivalent to those described in this application, and that code on expression for a 
peptide, polypeptide, or protein that has the same or similar antifreeze enzymatic 
activity as that of the antifreeze proteins of the invention. 

The nucleotide sequences described above are considered to possess a 
biological function substantially equivalent to that of the AFP genes of the present 
25 Invention if inhibition of recrystalllzation or modification of ice crystal growth can still 
be observed in a solution when the encoded polypeptide is present at a 
concentration of 10 g /L or less, preferably 1 g/L or less , and more preferably 100 
mg/L or less. 

Example 38: Probes 

30 The invention also includes oligonucleotide probes made from the cloned 

APF nucleic acid molecules described in Example 25 or other nucleic acid molecules 
of the invention. The probes may be 15 to 30 nucleotides in length and are 
preferably at least 30 or more nucleotides. Preferred probes are described in 
Example 25. The probes are useful to identify nucleic acids encoding antifreeze 

35 peptides, polypeptides and proteins from plants other than those described in the 



wo 99/06565 

PCT/CA98/00745 

application, as well as peptides, polypeptides, and proteins biologically functionally 
equivalent to the AFPs described in this application. The oligonucleotide probes are 
capable of hybridizing to one or more of the sequences shown in Figures 21 or 22 or 
the other sequences of the invention under stringent hybridization conditions. A 
nucleic acid molecule encoding a peptide of the invention may be isolated from other 
organisms by screening a library under moderate to high stringency hybridisation 
_ conditions with a labeled probe. The activity of the peptide, polypeptide, or protein 
encoded by the nucleic acid molecule is assessed by cloning and expression of the 
DNA as described in Example 25. After the expression product is isolated, the 
peptide, polypeptide or protein is assayed for antifreeze activity as described in this 
application. The expression product may also be assayed for glucanase. chitinase " 
or thaumatin activity. 

Biologically functional equivalent AFP genes from other plants, or equivalent 
AFP-encoding cDNAs or synthetic DMAs, can also be isolated by amplification using 
Polymerase Chain Reaction (PGR) methods. Oligonucleotide primers, including 
degenerate primers, based on the amino acid sequence of the sequences in Rgures 
21 or 22 can be prepared and used in conjunction with PGR technology employing 
reverse transcriptase (E. S. Kawasaki (1990). In Innis et al.. Eds.. PGR Protocols. 
Academic Press. San Diego. Ghapter 3. p. 21) to amplify biologically functional ' 
equivalent DNAs from genomic or cDNA libraries of other organisms. 

Alternatively, the oligonucleotides, including degenerate nucleotides, can be 
used as probes to screen cDNA libraries. 

Example 39: Heterologous overexpression of AFPs 

The expression vectors of Example 25 provide high levels of protein 
expression. Plants and cell cultures transformed with the nucleic acid molecules of 
the invention are useful as research tools. Plants and cell cultures are used in 
research according to numerous techniques known in the art. A cell line (either an 
immortalized cell culture or a primary cell culture) may be transfomied with a vector 
containing an AFP nucleic acid molecule (or variants) to measure levels of 
expression of the nucleic acid molecule and the activity of the nucleic add molecule. 
A polypeptide of the invention may be used in an assay to identify compounds that 
bind the polypeptide. Methods known in the art may be used to identify agonists and 
antagonists of the polypeptides. One may obtain plants that do not express AFPs 
and use them in experiments to assess AFP gene expression. Experimental groups 
of plants may be transfomied with vectors containing different types of AFP genes 
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(or genes similar to AFPs or fragments of AFP nucleic acid molecules) to assess the 
levels of protein produced, its functionality and the phenotype of the plants produced. 
The polypeptides are also useful for in vitro analysis of AFP activity. For example, 
the protein produced can be used for microscopy or X-ray crystallography studies. 
5 Other expression systems can also be utilized to overexpress the AFPs in 
recombinant systems. 

. Example 40: Cloning of Nucleic Acid Molecuies encoding Additional AFPs 
from Winter Rye 

' DNA and RNA molecules encoding glucanase-like and thaumatin-like AFPs 

10 from winter rye are cloned using the inventive method described in Example 25. A - 
cDNA library produced from mRNA isolated from healthy tissues of cold-acclimated 
winter rye is screened as described in Example 25 using heterologous probes 
obtained from a monocot, preferably a member of the Poaceae family, which 
encodes a glucanase or a thaumatin-like protein and which has been shown by 

15 Northern blotting to hybridize with transcripts of the cold-induced rye AFPs under 
moderate stringency as described in Example 25.1. The positive clones identified by 
hybridization with these probes are characterized and sequenced as described in 
Example 25. The cDNAs are expressed by transfonnation of plants as described in 
Examples 27 and 39 or in other expression systems as described in Examples 28, 

20 29. 30, 31 and 34. Biologically functionally equivalent peptides, polypeptides and 
proteins, variants of these AFPs. and biologically functionally equivalent nucleic 
acids of glucanase-like and thaumatin-like AFPs and their nucleic acid sequences as 
described in Examples 35. 36 and 37 are also included in this invention. This 
invention also includes probes for nucleic acids encoding glucanase-like and 

25 thaumatin-like AFPs as described in Example 38. 

Example 41: Production of AFPs for Use as Additives in Foods or Storage of 
Biological Materials 

Peptides, polypeptides or proteins encoding AFPs or biologically functionally 
equivalent AFPs synthesized in a prokaryotic or eukaryotic expression system may 

30 be produced as a cnjde extract, a partially purified extract or a purified peptide, 

polypeptide or protein for use in a food product or biological material. For example, 
the inventive DNA in Fig. 21 or 22 may be expressed in a plant and then a total 
soluble extract as described in Examples 18 and 24 or an extracellular extract as 
described in Examples 1. 15.19 and 20 may be obtained from the plant and used in 

35 a food product or biological material. The peptide, polypeptide or protein may be 
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purified by nickel chelation, by colloidal chitin affinity chromatography, by 
immunoaffinity chromatography or by any standard liquid chromatographic 
technique. If the peptide, polypeptide or protein produced in a prokaryotic or 
eukaryotic cell line has been secreted into the growth medium or retained internally 
Within the cells, then a total soluble extract, partially purified extract or purified 
peptide, polypeptide or protein is prepared as an additive for a food product or 
biological material. 

The present invention has been described in detail and with particular 
reference to the prefen-ed embodiments; however, it will be understood by one 
having ordinary skill in the art that changes can be made thereto without departing 
from the spirit and scope thereof. Forexample.wherepolypeptidesaredescribed.it ' 
will be clear that peptides and proteins can often be used. 

All publications, patents and patent applications are herein incorporated by 
reference in their entirety to the same extent as if each individual publication, patent 
or patent application was specifically and individually Indicated to be incorporated by 
reference in its entirety 
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We Claim: 

1 A nucleic add molecule isolated from a monocot. encoding an antifreeze 
protein. 

2 The molecule of claim 1 . comprising the DNA sequence in Figure 21 (a). Figure 
21 (b), Figure 22(a) or Figure 22(b). 

3 The molecule of claim 1 . wherein the sequence comprises at least AQ% 
sequence identity to all or part of the DNA sequence Figure 21(a). Figure 21(b) 
Figure 22(a) or Rgure 22(b). 

4 The molecule of claim 1 which is selected from a group consisting of mRNA 

cDNA. sense DNA. anti-sense DNA. single-stranded DNA and double-stranded ' 
DNA. 

5 Nucleic acid molecules encoding the same amino acid sequence as the nucleic 
acid molecules of claim 2. 



6 



A nucleic acid molecule that encodes chitinase-like antifreeze polypeptide that 
hybridizes to the nucleic acid molecule of the coding strand from positions 340 
to 744 of Figure 22 (a) under a wash stringency of 0.2X SSC to 2X SSC 0 1% 
SDS.at42»C. ' * 

A nucleic acid molecule that encodes chitinase-like antifreeze proteins that 
hybndizes to the nucleotide sequence of the coding strand from positions 541 
to 745 of Figure 21 (a) under a wash stringency of 0.2X SSC to 2X SSC 0 1 % 
SDS, at42»C. 



A polypeptide encoded by the nucleic acid molecule of claim 1. . 
A mimetic of the purified and isolated polypeptide of claim 8. 

10 The polypeptide of claim 8. having the amino add sequence in Figure 21(a) 
Figure 21(b). Figure 21(c). Figure 21(d). Figure 22(a). Figure 22(b). Figure ' 
22(c) or Figure 22(d). 

1 1 The polypeptide of daim 8. which has at least AXi% sequence identity to all or 
part of the amino acid sequence in Figure 21(a). Figure 21(b). Figure 21(c). 
F«gure 21(d). Figure 22(a). Figure 22(b). Figure 22(c) or Figure 22(d).. 

12 A cold-induced antifreeze polypeptide isolated from a monocot. 

1 3 A cold-induced pathogenesis-related protein with antifreeze activity isolated 
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from a monocot. 

14 The polypeptide of claim 12. wherein the monocot is from the family Poaceae. 

15 The polypeptide of claim 14, wherein the monocot is selected from the group 
consisting of barley, wheat and rye, spring rye, spring wheat, winter wheat, 
winter barley, and spring oats. 

16 A mimetic of the polypeptide of claim 1 2 or claim 1 3. 

17 An isolated polypeptide having antifreeze activity, selected from the group 
consisting of barley, wheat and rye, spring rye, spring wheat, winter wheat and 
winter barley, winter canola. spring oats and kale. 

18 The polypeptide of claim 12 or claim 13. selected from the group consisting of 
chitinase, thaumatin and glucanase. 

19 The polypeptide of claim 12 or claim 13 for a use selected from a group 
consisting of producing antifreeze protein, increasing freezing tolerance in 
plants and microorganisms, increasing field survival and yields of plants, 
animals and microorgansims exposed to subzero temperatures, inhibition of Ice 
recrystallization in biological matter or food product, cryopreservation of ceils, 
hypothermic protection of cells, cold protection of human platelets and killing 
tumor cells. 

20 A recombinant DNA comprising a DNA molecule of any of claim 1 to claim 7 
and a promoter region, operatively linked so that the promoter enhances 
transcription of said DNA molecule in a host cell. 

21 A system for the expression of a chitinase gene, comprising an expression 
vector and chitinase cDNA inserted in the expression vector. 

22 The system of claim 21. wherein the expression vector comprises a plasmid. 

23 The system of claim 22. wherein the plasmid comprises an £. coli vector. 

24 The system of claim 23. wherein the E co// vector comprises pET12a. 

25 The system of claim 21. wherein the expression vector comprises a Pichia 
vector. 

26 The system of claim 25. wherein the Pichia vector comprises pGAPZoA. 

27 The system of claim 21, wherein the chitinase DNA comprises all or part of the 
DNA sequence in Figure 21(a), Figure 21(b), Figure 22(a) or Figure 22(b). 
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28 A plant, plant cell, animal, animal cell, bacterium or yeast transfomied by the 
system of any of claim 1 to claim 27. 

29 A method for expressing chltinase comprising: transforming an expression host 
with a chltinase DNA expression vector and culturing the expression host. 

5 30 The method of claim 29, wherein the expression host is selected from the 
group consisting of a plant, plant cell, bacterium, yeast, fungus, protozoa, 
algae, animal and animal cell. 

31 Th,e product of the expression system of ^ny of claim 21 to 27 for a use 
selected from a group consisting of producing antifreeze protein, increasing 
10 freezing tolerance in plants, animals and microorganisms, increasing field 

sun^ival and yields of plants, animals and microorgansims exposed to subzero 
temperatures, inhibition of ice recrystailization in biological matter or food 
product, cryopresen/ation of ceils, hypothemnic protection of cells, cold 
protection of human platelets and killing tumor ceils. 

15 32 A nucleotide sequence that targets protein secretion In plants consisting of the 
coding strand or its complement thereof shown in Figure 21 (a), positions 1 
through 60. 

33 A nucleotide sequence that targets protein secretion in plants consisting of the 
coding strand or its complement thereof shown in Figure 22 (a), positions 1 

20 through 66. 

34 A method of enhancing antifreeze activity, comprising combining antifreeze 
polypeptide with sugars to enhance the activity of antifreeze polypeptide to 
inhibit the recrystailization of ice and modify the nonnal growth of Ice. 

35 A composition comprising one or more antifreeze proteins combined with one 
25 or more sugars. 

36 The polypeptide of any of claims 8. 10-15 or 17-19 combined with a sugar for a 
use selected from a group consisting of producing antifreeze protein. 
Increasing freezing tolerance in plants and microorganisms, Increasing field 
sun/ival and yields of plants, animals and microorgansims exposed to subzero 

30 temperatures, inhibition of ice recrystailization in biological matter or food 

product, cryopreservation of cells, hypothemnic protection of cells, cold 
protection of human platelets and killing tumor cells. 

37 A polypeptide of any of claims 8. 1 0-1 5 orl 7-1 9 for inhibition of the initiation or 
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progression of a disease or spoilage caused by a low temperature pathogen in 
a plant, a frozen food or any cryopreserved biological matter. 



83 



wo 99/06565 



PCT/CA98/00745 




1/33 



wo 99/06565 PCT/CA98/00745 

Lanes 



Molecular 
mass icOa 

97 
66 

42 MM 

31 

21 
14 




FIG.3. 



12 3 4 

66 
42 




FIG. 2 
2/33 



wo 99/06565 



PCT/CA98/00745 




3/33 



wo 99/06565 



PCT/CA98/00745 



Lanes 



12 3 4 5 
KDa " * 




FiG.4. 




FIG. 6 

4/33 



wo 99/06565 



PCT/CA98/00745 




ELUTION VOLUME (ml) 



F16.7. 



5/33 



wo 99/06565 



PCT/CA98/00745 




PIG 9. 

6/33 



wo 99/06565 



PCT/CA98/00745 




161 kO 




23 kO 

-thauaacln-like pn 



Figure 10 



7/33 



PCT/CA98/00745 



Immunodetectfon Of chltlnases In 
coId-accllmated winter rye 



NA CA 



MW [RDa] 

•t06 

- 80 

- 49.5 

- 32.5 

- 27.5 
. 18.5 



Figure 11 



8/33 



wo 99/06565 



PCT/CA98/00745 



imrnunodetectlon Of chitlnases induced 
m cold-accllmated winter rye 
at dirrerent ages 




Figure 12 



9/33 



wo 99/06565 



PCT/CA98/00745 




10/33 



wo 99/06565 



PCT/CA98/00745 




' « 1 1 ' ' ■ 

-e -7 -8 -9 -10 -11 -12 -IS 



Temperatixre (C^ 



FIGUBE 14 



11/33 



wo 99/06565 



PCT/CA98/00745 




NA CA 
winter rye 





NA. CA 
winter wheat 




NA CA 
winter baricy 





NA _ 
maize 





NA CA 
winter canola 




NA CA 
spinach 




NA CA 
spring xye 




NA CA 
spring wiieat 




NA CA 
spring oats 




kale 




NA CA 
spring canola 




tobacco 



Figure 15 



12/33 



wo 99/06565 



PCT/CA98/00745 




5 7 0 1 3 

Cold acclimation, weeks 



Figure 16 



13/33 



wo 99/06565 



PCT/CA98/00745 



A kOa 1 2 3 4 5 6 



97.4- 
66.2- 

45.0- 
31.0- 

21.5- 
U4- 



<16 



B 



3 4 5 6 



5ao- 

35.1- 
29.7^ 



9^2- 

sao- 

35.1- 
29.7- 



2 3 4 5 6 



— -<35 



3 4 5 6 



35.1- 
29.7- 

21.9- 



-<25 

-«16 



Figure 17 



14/33 



wo 99/06565 



PCT/CA98/00745 



B 



1 



tm 
8 

•5 



€9 

u 
a 



€8 

f 
I 

CO 



OS 

e 

ao 
a 

8* 



NA CA NA CA NA CA NA CA 

S^2f 1 2 3 4 5 6 7 
66.2- 

45.0- • 



3I.0~> SSSSi ""^ *' 
2U- 5' 
14.4- 



s 



NA CA NA CA 
8 9 10 11 

^3: . 



12 



SQ.O- 
35.1- 
29.7- 




2 3 4 5 6 7 8 



9 10 11 12 



50.0- 

35.1- 
29.7- 

2U9- 



23456 78 9 



10 11 12 



29.7» 
21.9- 



23456 7 8 9 10 11 



12 



Figure 18 



15/33 



wo 99/06565 



PCT/CA98/00745 



B 



•g 
a 

09 



1 

03 

U 

OJf 



o 
a 
es 
u 

s 

•c 

CO 



e 



NA CA MA CA NA CA NA CA 




sao- 

35.1- 
29.7- 

21.9- 



12345 6 78 9 10 



D 



12345678 9 10 




Figure 19 



16/33 



wo 99/06565 



PCT/CA98/0074S 



1^0 



1.25 



7 

1.00 

o> 
E 

, 0.75 
to 

3, 0.50 



in 



0JZ5 
0.0 



Q nonaceiimatad /V 
cold-acclimated 



£2L 



1 



i 



I 



ill 



J. 



e 



c 



o 

a» 



o 

N 




Figure 20 



17/33 



wo 99/06565 



PCT/CA98/00745 



C 

o 

•H 

JJ 
(Q 

rH 
CO 

c 

(0 



(U 

1 

I 



A 

I 



0) 

J-> 
o 
u 
a 

0) 

u 
a 

I 

x: 



6 



u 
u 



< 
< 



< Qi 
1-1 . 



in 



U 

a 

g. 

(U 
CO 

i 



u 
11 



4J 
II 

m 
in 



n 

in 



II 



Dl 
II 

GO 



II 

00 



a 
II 

^ 

u 
c 

0) 
3 

cr 

0) 

c 



3 

I 



U (0 

a w 
a x: 

u *-! 

a > 



O CO 



o u 

< CO U 



U C 
CO 

< td 

O CO 



E-» <l» 



O 

o 



O CO 
U 

O CO 

p >1 



u 
u 



o OS a 

O iC Eh 



CO 

>1 
u 



o a 

u cn 

o u 

o 0) 

< (0 

o c 

U cn 



CJ a; 
E-i CO 

U iH 
Eh [d 

O > 
O >, 

O rH 

a 01 



<j fd 

O 3 

a CO 

Eh a 

o (d 

o (d 

c:? <d 



U CO U >i Eh 

a >i oiH' ri: CO 
Eh o o cn u td 



o m 

O 03 

a 0) 

E^ a 

a >i 

o u 

a 0) 

^ cu 

a M 

U Q) 

e» CO 



o u 

O 0) 
H CO 

o u 

< 4J 

o c 

rH 

U cn 
H (d 



O 0) 



CO 

< (d 



u (d a o 

O (0 O Oi 



O rH 
O Dl 

CJ a 

< CO 

a (d 



a >i o c o c 
O rH fit in ft m 
O 01 < «d < (d 



4; XJ 



O O) 

o (d 



a td 
o (d 



8 

Eh 

U 



E^ O4 

o <d 

O rH 

a <d 

u (d 

U rH 

a (d 



O CO 

E^ 4J 

o >, 

e> rH 

a oj 

o a 

o u 



U CO 

p > 

Eh U 



O 

o 



a Q. 
o a 



u ^ 

E^ 



C 

CO 

(d 



u 
>i 



Eh -U 



O) 



o u 

U 0) 



Eh CO CO 



a u 

a o 

u u 

u a 

u >i 

O rH 

o cn 



c 

CO 

(d 



a M 

< >i 

£h aj 

a (D 

&4 CO 



00 U 0) 

a M E^ rH 

H CO o 0) 



u u 

< CO 



a (d 

U rH 

o <d 



o 

I rH 6h 

a (d ^ a ^ 

tH O rH rH a 

m O (d o\ < 



U>| CJO UCOiHCjmrHOr-lrHUarHOCOrH 



OrHrHO V^rH<-r4rH(JrHm6H (0 

c:) 0)r-u QiCTkUpCrHu (di-ia > 

rHU WrHU >HfHO 3rHU (drHO DtHU OrHO ^^^0 

in p >irH O-Cc^Eh <UroUrHcn<rHinOWrHi< >,X^ o 
rHEH UCJ<«;4JraUrHroa <droa Di^O amEniJinU 



(d in < CO C^ G >iai Eh rH 
" UOSrHHUrH^^H 

o 
u 



01 



O (d u >i 

a fH C) rH 

o (d o 01 



Eh ^ 

eg 3 

< rH 
O 01 

a u 

U Q) 
Eh CO 



o o 

O O4 



H Id 
o > 

S Id 

a > 



P rH O 

E^ «d a 

a > Eh 

Eh (d a 

o > o 



5S 

O rH 

CD 01 





y 3 CJ d 

Eh 0 #1^ CO 
a rH (d 



u u 

Eh JJ 



O 01 
O M 

u Id 

O CO 

U 01 
C3 M 

< td 

CJ rH 

Eh Jd 
O > 

o a 

< CO 

a Id 

u Jh 
o x: 

o >i 

a rH 

O 01 



a Q) E^ >• 
H x: c:) rH 
Eh a u O) 




<: 0) 

< <d H o 

(N 

o -U ^ o 

£h <U rH < 

< S VO O 



a>l UCO OJHrHC!J>irHO>HrHC?3rHOGrHO0 
QrHiHU >liHCJ (D(D<Jr^C^U>C'^<r-iKDi:Jl COOOCJ M 

OOlrHrc4(drHOD» 



01^0 OIVOEh UODE-i COrHCD OliH<aJrH 



T3 

a; 



o 
u 



n3 
OJ 



CU 



01 



3rHUa)rHaOlrHUa)rHOCOrHOUrHUCOrHCJ(DiHOtd 
rHCNJE^X:CX}OM'<d'E-»rHO<C>7»^a^C>3<-HCOEHX:^OrH u. 

OifH £-• QirH U (doj(<'Hro#^irHm<4J^UJC^EH 0*in O Id 



18/33 



wo 99/06565 



PCT/CA98/00745 



o u 



O 03 < O 



O > 



CJ rH O 0) 




O Q* O O 

< w a M 

< o . 

U M 

O Q, 

< CO 

< (d 

< <d 



CJ m 

^ •J 

Eh (D 




< w 
o (d 




Eh c/) 
P >^ 

Eh U 


a rH 

CD (0 


CJ Li 

^ >» 
Eh OJ 


r 1 /It 


KJl • 

O U 
O (0 


\J O 
U M 

a Qi 




O Jh 

< (d 


O U 


g c 


Eh a 





to Eh 0) 
O (d U rH 



< (d 
old 



O >, O Jh 

o rH ox: 



O 0) 

IJ ^ 

u (d 

U rH 
O 03 

O 03 



Eh OJ 
Eh 

U 

&^ to 

e2 '(0 

o > 



O D) 
U OJ 

^ >» 

CDrH 
<mH 



o 



P iH < W 

U 03 O 03 
O Cd OrH 



a 03 

OrH 
O 03 

CP > 



< <d 
CJ a 
o (d 



O OS CJ M 

O rH O X3 
O 03 < 4J 



CJ Q* 

< CO 
O 03 

U CQ 

< -H 

u x; 

o u 
o <u 

< CO 



Eh cn o >i 
U 03 O D) 



E^ JJ 



Eh 03 

o "id 



E^ Id 
o > 



p H Qi O ^ 
> Qi O 03 < CQ 

I Id <iH 

CNOacNOoSCNEHCQCN;? fd r5 u D) S O d) 
vooO)voO03[-OD,C-OdjSoSSorH 



3 



o 
o 

CVJ 



19/33 




20/33 



wo 99/06565 



PCT/CA98/00745 



< p < o W 



CO 

O C 
O G) 



8 



O 



(0 



8 



ox: 



CD a 
o u 



a >i 

o u 

U 0) 

6^ CO 

o o 

CJ M 

o a 



CD cn 



3 



U 0) 



O Q* 

< to 
O OJ 

(0 

U 

U U 

< >i 
Eh 4-> 

CJ 0) 
O U 

O oJ 
O CO 

Si! 

O (D 



U r-4- 

U (U 



CJ 



CD D) 
CD U 

< «0 

O C 

< iH 

U tn 



J) iH O M rH O 0) r 



p CJ M 

u (0 < S 



U 0) 



CJ a 

^ CO 



U rO CD (0 



U >H 
< 4J 



CJ Qi CD 3 
< (0 <u 
O 03 UfH 



e3 Id 
CD > 



»<-H CD 0) 



< 

CD 03 



a 

CO 
03 

CO 



CD > 

y Qi 

< CO 

CD 03 



CO 



CD rH O 

o > ux: 

CJ CD 0) 



O 03 

CJ rH 

O OS 

a rH 

£h (a 

CD > 



Cn o >, 

CD U CDrH 

u oj a D) 

CD >, 03 U U 

CD rH CJ rH < >, 

CD tJi CD 03 ij 

ft P ^ ^ >^ 

o ^ K4: CO o 0) 

O d CD 03 < CO 



< >1 



E^ 03 < rH 

o > o cn 



prH 
Eh 03 
CD > 



rH O 

O o 



03 rH O 
rH CJ 
03 CN E-» 



U rH 

CO oa 



rH CJ QirH Eh O rH 
VO O 03 VO CJ OlC^ 



CD prH O >TrH O 
CD MVOCDrHOOCDrH 

< m ra CD D)CN a D) 

Eh >,H CJ D)rH CJ ^3 
CD rH CX) CD M ^ Eh 0) 
O D)r^ U m 00 U rH 



3 



o 
o 



CVJ 

CD 

ZJ 
O) 



21/33 



wo 99/06565 



PCT/CA98/00745 













M o 






C/J ?H l-M 




iJ 


m m m 
Wi Cj C/J «i 




•H • 


> S O 




> 00 


(J C/j Q4 CU 






rty K_» C_j rv* 
U CC 




jj m 


O 0^ S O' 
£h CD S 52 




0 II 






04 Q PL4 ?I 




0) 


0. S O 


f-H 


0) o 


04 < Q 
> H 3 h:3 


0) 


N C 


u 




04 04 E-< S 




M & 


> S ti: Q 




04 a o 


c 


(D 


Eh a W >H 






Qi c cn 


o w o 




(Q -H 


e X Q J 






g cn Eh 




O Eh < Q 




c 


oo > o 






cn < J 



4J O 



(d 4-4 



cn 




o CO CO a 
H s 

O M 

M M 

04 2 

H O &^ 

o cx4 cx: H 

q < o > 

i< o &4 a 

CO 2 titj o 

o >5 u: 04 

o fa o > 

oo 04 a: 



U ^iH 




CM 

a; 
s- 

3 



22/33 



wo 99/06565 



PCT/CA98/00745 



O 

(D 
O 
G 
0) 



0) 
01 



(t3 
C 

tn 

CO 



0) . 

> 00 

■u ra 



o s o 

P CO o 
Z U) 

S CO 04 
X O CO 

^ 5? s 
t3 Q o: 

S CO o 

P < M 

C!) > 

a: Q 
CO w n: 
aoco 

CO S CO 
H Ct4 Oi 

H o « 
CO >H cu 
CO O CO < 

> :s ofc 
o CO a* cu 



8 



O O O Q 

p <: o 



O CO CO CD 



CVJ 



J: o 



w S i4 CD 

p P s s 

O Pt4 o > 

w fc^; < 5 



23/33 



wo 99/06565 



PCT/CA98/00745 



C 

o 

4J 

(0 

iH 
CO 

c 
m 

0) 
0) 

m 

-a 

I 



A 
I 

(0 
CQ 

I 

U 



C 



i 

8 



a 
u 

o 
o 
o 



o 
vo 



0) 
u 
c 

0) 

& 

0) 
CO 

Q 



0) 

u 

G 
0) 

ty 

0) 
(0 
0) 

u 
a 

> 

•H 

U 

(d 

a 

0) 

CO 
Q) 
O 

a 

o 

& 

0) 
CO 

Q) 
XJ 
05 

rH 
CO 

c 

(d 



I 



0) 



y C5 

< CO 

< (d 

4: CO < (0 

O (d < ns 



u u 



U 01 

o u 
o td 



o o 
u u 
u a 



o (d 

CJ iH 

o td 



u c CJ (d 

4; CO CJ 

< (d C!) (d 



u (d 
o'id 

CJ rH -H 



P 4J 

< e 

O »H 

O OJ 

< CO 

CD (« 
O 



Eh a 
a (d 

O rH 

a <d 



U 0) 

Eh a 

u (d 

U rH 

o (d 
u td 

CJ rH 

o (d 

td 

CD > 

a zs 

< rH 

O O) 

U 01 
CD U 
U (d 

O CO 

O rH 
O > 



< rH 

O 01 

o <u 
|I a 
g c 

< rH 

U 0) 

u a 

< CO 

O <d 
a td 

UrH 

CD td 

o td 

U rH 

CD td 
O >i 

CDrH 

CD 0> 

< 01 
CD M- 

< td 



CD Cn 

a >H 
o td 

< >1 

CDtH 
O 01 

o u 

< >1 

£h 4J 

u ^ 

< >i 

a o 

^ ii 
u a 

< o 
u a 
^ u 

O Q) 
&^ CO 

o u 



o in 
CD >i 

CDrH 

CD 01 

u td 

U rH 

CD td 

< 01 
CD U 

< td 
CD >i 

U rH 

a 01 



o td 

CD td 
CD U 

g x: 
4J 



u 01 

CD u 

a Id 
u 3 

Eh 0) 
U rH 



O 0 

Eh rH 



g a 

< CQ 

CD td 



< rH CJ rH 
Gh (d Eh (d 
O > O > 



CD 01 CJ td 

a U UrH 

< td o td 

U 0) 

1^ a 

u u 

y tu 

Eh CO 

1^ 'td 

CD > 



U >i 
CD 01 



< CO 

i< (d 



U td P rH 
U rH Eh Id 

O td O > 



u d 

U rH 



a td 

U eH 

CD td 



U rH 

Eh td 
CD > 

g a 

< CO 
CD td 

U CO 

< -H 

u x 

U M 
U (U 
Eh CO 

CD U 
U <U 
Eh CO 



U Jh U td 
< >i UH 
Eh 4J CD td 



g a 

< CO 

O td- 



01 



^ o g c 

u M #«c CO 

u a < td 

u rH o 01 

Eh td CD M 

o > u td 

CD 01 U >i 

CD M CD rH 

U td CD 01 



Ua Ua EhM UtdH&^O^rHU arH < OrH&n >irHp4J 
Wr-i <C0iHi<WrHUXrHUrHiH4:tnrOlSt:i0inUMr^CD«H<rkHg) 
rHCD tdrHCD tQinCD tdt^<XJcrkO tdrHCD tdrHCD tdrHU arHO DitHKt; g 



V4 < U Vh , . 

>irH < >iLn 



K-.^ — r^-.-, COrHCDMt-*rc£ 

mEH4J<yi£HiJtHCD tdcNO Oicn< 



arna >irHCD COrHU )HrHCD JHrHCD COrHO tdrHU >1 
r« ^ rn _^ ^ ^ >irO < >1<ri U X in ici >trH U rH [> CD rH 
rHr>EH4Jrr)<;4J^<<rHmCD tdlHCD 0) 



Eh (U 

< s 

u u 

u <u 

Eh CO 

g a 

r< rH 

U 01 
CD M 



CD ^ 

«< ^ 
u u 

£h iJ 

u <u 
1^ a 

CD Oi 



U 0) CD 01 

£h rH CD VH 

< -H r< td 

UrH U td 

Eh td UrH 

O > CD td 

U Jh CD O 

U Q) U M 

Eh CO u a 



CD M 

g X 

U M 
CD tl) 

< CO 

u > 

O rH 

CD 01 

u u 

u u 

< -u 

U >i 

S 01 

U Q) 
Eh XJ 

H a 



U >i U CO u >i 

O rH P >t CD rH 

O 01 fcH U CD 01 



< >1 

O 0) 
U M 

U >H 

4: jj 

CD 3 

<: rH 

O 0) 

U CO 

< -H 
UX 

y tu 

Eh (0 

u 

U X 

< iJ 
g c 

< rH 

U 0) 




u u 

U 0) 
Eh CO 

O rH 

e« td 

o > 

p :3 
£h <u 

U rH 

g a 

< CO 
CD td 

CD O 

u u 
u a 

u G 

fc^ CO 

td 

u u 

CD (U 

< CO 

a > 



CO 

3 td 



Eh (d 
U rH 
CD td 



U W 



u >i g a g 3 

CD rH ictf (0 rH 

O 01 < td CD 01 



g c 

rH 

U 01 
CD td 

UrH 

a td 

CD u 

^•^ 

< 4J 

CD a 

CD U 
Eh AJ 

U 0) 



Eh a y 3 

< CO Eh (U 

CD Id UrH 

U td CD >i 

U rH O rH 

CD td O 01 



td 



u 

CD td 
CD Jh 

g jc 



U >i 

CDrH 

O 01 

ft CO 

i< td 



CD 

I U 
I < 



p:3 oo a>i U>irHU0rHCD:3rHOarHOarHEH 
a>rHO JHrHCDrHrHCDrHOU JHCNEh (U-^O MVDO U CO 



O O U d) 

U >H Eh rH 

u a <:-H 

o M u tu 

U X: Eh rH 

4: 4J < <H 



Eh iJ tH Eh 4J rH 



>iHUrH'^U a^DO DlCDO OlrHU atHUrHrH 
CN \ ^ 

>H^OJHrHUQrHUtDrHOarH<>irHgQ4rHp-.. ^ 

(DrHU tDCNJEHX3t30EHX:'^O >HOOrHU5i< C0OJ£h tUOOO W^U^C 

covoEh corHEH a^HEn ac^EnucoO CumO td^< g'^U tdin^iJ 



4-^ 

c 
o 
u 

<u 



CM 
CO 

a; 
u 



JJ rH U OlrH U M -r- 



24/33 



wo 99/06565 



PCT/CA98/00745 



CTC 
m leu 




GGC Ai 

gly as 








p u 




o cd 




8^ 

4.) 




o >, 




rH Ph :3 
1-t &^ 0) 




tH a 4J 
u>< g 




o di 


O M 
O 0) 
< CO 


a CO 


(0 

O rH 




a 0) 

Eh Q, 


u Id 


< CO 

< (d 




< 0) 
o u 


4J 


g c 


O U 
^ >^ 


u u 


^ >^ 

O fH 

CD 0) 


o u 
g >» 

Eh 



O E-« rH CM 
< -H CN 



CO 

u 



■a 

03 



+-> 
C 

o 

CVi 
CM 

0) 
C3} 



o a M < CO 

^ O (0 vo o 



25/33 



wo 99/06565 



PCT/CA98/00745 



O to U O) 



o 

(0 

r-l 

U 

(0 
(U 

w 
(0 

I 



A 
I 

iH 
(0 

c 

•H 
0) 

u 



0) 
CO 

u 



V4 

(0' 
0) 



i 



u 

1^ 



1: 

o 
o 
o 
o 
o 
o 



in 



o 
u 
c 

& 

0) 
CO 

< 



U (0 
8 'rO 
O >i 

U >t 
o ^ 

o > 

O (0 

a (0 

e2 '(0 

a > 



y f2 

CO 

< (0 



o 



O O4 



o u 

O 0) 

< CO 

O CO 

a (0 



O to O V4 

U.-H <: >i 

O ttJ £h 



U (0 

o to 

O (0 
o'(0 

u to 

U .H 

o to 

O (1) 

a to 
o to 
a a 

<< CO 

o to 

u u 
< >t 



^ , , a> iH o ^ t-< a 42 H o *H rH 

ro ^ ^ \ ^ 



O 0) O (0 O >i 
to O to O O) 

o >i 

O rH 

O Cn 
E-» O 

u cu 
to 

o > 

ss* 

u td 

6- >i 

O rH 

CD D) 

o to 

U rH 

a (0 

rf:>1rHOC!*-lUCt-HUV^1HgCr^t^tO 




CO 

< to 



ft ui a\ O 

< (0 rH O to 



(UrHO MrHOtHiHO >t rH O C 



CO in u 0) r*- 

to rH E-» CO 



CO 
0) 

u 

0) 

g. 

0) 
CO 

T3 

tu 

(0 

rH 
CO 

§ 



> 
o 



0) 

> 

to 



|J SrHO in < >irHO aiC*-UJ::r0&^rHC3\O OitnEH tOrHOf-tC*-*^ CO 

cnOrHcTviH cOrHH-u<Mi< CQCNri:-Ufn<-HmE^ co^O >inO DiinriJ to 



o <0 

U rH 

o to 

U (0 

a to 

U rH 

o to 

U rH 
O (0 

Eh to 
O rH 

o to 



to 



8 

o to 
o 'to 




o 
o 



rH O -U ^ O tTJ rH 
^ E-< 0) rH O rH <N 
rH i< S CD to rH 



CD 



U U 
CD 3 

< rH 

CD D) 

O CO 

< -H 

O 0) 

CO 

U M 
CJ^ 

CD C 

< rH 

a >i 

CDrH 

CD 0) 

U Q) 

Eh 



U iH U tl) rH 
U rH Eh ^ O 
< 00 E^ arH 



0 D 

< rH 

0 OJ 


CD 0) 
U (0 


P 3 

Eh <P 
b rH 


g n 

U 0) 


Eh 

!<< CO 

CD (0 


CD :j 

< rH 

a 0) 


CD >i 

CD rH 

CD 0) 


g 0, 

< CO 

CD to 


CD to 

U rH 

a to 


0 to 

0 rH 

CD to 


CD CO 

35 




0 0 
u u 

U Pi 


0 u 


B to 

OrH 

0 to 


eh 4:: 

Eh Qi 


a :3 


ic^ CO 

< to 


0 JJ 

&^ (U 


CD U 

< 4J 


0 CO 
CD >i 
Eh U 


%^ 

U 0) 


U M 
CD 0) 
i< CO 




CD 0 
U U 

u a 


U 

< >i 
Eh 4J 




Eh 

CD > 


a 0) 

Eh 43 

Eh a 


CD U 


U >1 
CD rH 

CD D» 


a 0 
0 ^< 
0 cu 


P P 

0 rH 


CD O4 
P M 
Eh 4J 




CD Qi 
CD M 
Eh ^ 


< >i 

0 rH 

CD 0) 


g a 

CO 

CD to 


CD 

Eh (U 

< e 


a 0) 

CD u 
u td 



CO rH 
(0 VD 



OirH C-> C rH O 
CO 00 CO ^ CJ 
to rH k4 to CNJ CD 



C rH CD 
rH CD 



01 rH O 
Vh ^ < 
to rH <C 



CO rH O to rH CJ 
>iVO O rH 00 CD 
r-{ r-i O (0 rH a 



01 
U 

to 



to 



rH O (U rH < 

O Eh ^ \D CD 
lO m fcH euro CD 



>tH a >iH a M rH u D 

■ ■ 0) 

rH 



rHcqCD»HCOU43^EH 
O)^ CD 01^ < JJ in O 



26/33 



wo 99/06565 



PCT/CA98/00745 



9 B ^ >i 

CD CO a o> 
0(0 <: S 

< CO 

< (0 



o 
o 
o to 



o >, u >, 

O D) a D> 

a jj D 

§i 2 HO) 

O D) 5 g 

p >ifn O iH in O 0) 

f^J U a DlOJ 1^ CO 

U3 o cnvo u c nJ 



< w 

< 0) 

o to 

< rH 




CD rH o 43 



a 



< >1 

^ 4J 



< "H O D) Eh Ij 



U ^4 
< 4J 



U CO 



o «o a td 



oe;^-^<^3< wrjtE-i S 
voo>voa>r-S(0 



c 



c 
o 
u 

CVJ 
CM 

<v 
s- 

3 



27/33 



wo 99/06565 



PCT/CA98/00745 



0) 
> 
O 
E 
0) 

0) 

u 
c 

Q) 



(U 
01 



(0 
C 
01 

CQ 

0) 
> 

Qi 
(U 

CO 

5 -H 
O 

vo (0 



o 
c 

■H 



o 

o 

^ m 
O rsj 

<U CO 
O -H 

c 

§♦ c 

(0 (U 
03 W 



to m 
c c 



i 



a 

CM 
CM 

O) 



28/33 



wo 99/06565 



PCT/CA98/00745 



> 
O 

§ 

u 
c 

0) 
0) 

cn 

JC 
0) 

o 
c 

0) 

CO 

0) 

r-l 

c 
m 

4J 

c 

3 



(0 
csj 

in 



O 
C 
(D 

& 

(I) 
0) 

(0 



c 

•H 



CO W < 
fC W Eh 
^ ^ § 

CO O j 
OO 
Eh Pt, 
H D4 ^ 

> _ 

52 15 ?^ ^ 
P > fe4 O 

> M CO E-i 

CO a: > ^ 




CM 
CM 

s- 

C71 



29/33 



wo 99/06565 PCT/CA98/00745 



Ot-4\OrO O»-fVO00 OrHVom 

r*r-toor> vDor^i-H Lno\vocrv 



cn 

iH 
3 
CO 
0) 



H 

CO 

0) 
iH 

Qi 

4J 



0$ 

CO 
3 



O Cli U4 >4 
,J C J S 

2 < CO CO 
2 2 apt 

CO CO CO H 

> H W M 

M M M > 

CO CO CO CO 

CO CO CO p 

S ^ § w 



< < CO I 
CO CO CO 
O4 CU O4 cu 



vo 



CO 


CO 


0 








1 












0 < 










1 


a 




CO 


CO 


0 




EOC 


11 



vo 



I I 

0) X X 




O Ct- >t >4 

o o cp " 

C>9 p4 04 CU 



in U4 Ui &u Du 
vo o U a U 

>< >4 X 



1-1 oj m ^ 



\0 itf iC 

m < i< 
'^ > > 



o 3 4: p 

tH Ui C14 [X4 U( 

CS O O O O 

fH C& OU CO 




vo >4 

O \u Ut 

,-40000 

r-4 O O v4 CU 

Q Q q y 

CO 




a\ Q Q 




O O O -.^ 

vo CO CO CO 

in cu cu cu cu 

CM CO CO CO 

in S S S S 
in (D( S 0^ a: 

H H H 

> > ■ 

CO CO CO to 
CO CO CO CO 
O4 CU 0« pi 

1^ ^ 

<-l 0< CU O4 
^ < 4; CO 




^ 6^ 
CO CO CO CO 

04 tu 4: < 
Q Q Q Q 




l-t ^ ^ ^ ^ 

CN O O O O 




CO CO CO S 
vo *J a M J 
0\ Ot QIO 



in Oi CU CU 

0 o g a a 
rH a: Qc: qe: 0: 
o o p p 

^sl ■ 




O <N ro 00 <N 

m o ^ 1-4 in 
m m <Ni m ca 





. . H „ 

rH Q Q Q 

O U U U _ 

m >H >4 JH 



0000 

H H H M 

CeS 

§§§ 

CO CO 

vo Q Q ^ 

CO c> o< oe S 
(N o o o o 

in ac X 05 
00 O O 

M J 



r5 ^ 5 § § 

vo 
a\ TP 

I ) 




c 

o 
o 

o 

4^ 



CO 
CVJ 



CD 



r-4 f>J n ^ 



rH rq m ^ 



1-4 iN m Tjt 



30/33 



wo 99/06565 



PCT/CA98/00745 




31 /33 



wo 99^6565 



PCT/CA98/00745 



12 3 4 




Figure 24 



1 2 




Figure 25a 



12 3 4 




Figure 25b 
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